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Since this book first appeared nearly a decade has elapsed—a 
period of time which is commonly reckoned as a generation in the 
electrical art. 

During these years many changes have been incorporated in 
storage-battery practice, new forms of electrodes and auxiliaries 
have been devised, and a number of once familiar plates and 
apparatus have passed into the obscurity of the discarded and 
superseded. 

Equally marked is the improvement in the general under- 
standing of this branch of engineering on the part of engineers 
and operators of plants, to which diffusion of knowledge of the 
storage-battery art it is believed the first editions of this work 
contributed no small part. 

For all these reasons a thorough rewriting of this book became 
necessary. 

It will be seen that the present treatise not only considers the 
practical features of the art as it exists to-day, but considerably 
more of the theoretical side is included. Examples are the 
chapters on Electrolytic Dissociation, the Thermodynamical 
Theory of the Lead Cell, and the fuller discussions in each of the 
other chapters in the first half of the book. It is believed that the 
practical instruction which it is the object of this work to fur- 
nish will not suffer from this additional material, as nearly all the 
theoretical portion may be omitted in the reading, without the 
text becoming broken or disconnected. 

Although the manufacture of pole-wound boosters has been dis- 
continued, so many machines of this character are in service that 
it has been considered advisable to retain the discussions of the 
principal types. 

The: author here acknowledges the courtesy of the Gould 
Storage Battery Co., the Electric Storage Battery Co., and the 
United States Light and Heating Co., for data, diagrams and 
photographs. Also he expresses his obligations to Dr. Louis 
Duncan, Dr. W. E. Winship, Dr. A.,S. Chessin and Mr. Edward 
Lyndon for assistance and suggestions. 


LAMAR LYNDON. 
November, 1910. 
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CHAPTER I. 
ELECTROLYTIC DISSOCIATION AND THE VOLTAIC 
COUPLE. 


WHEN an electric current passes through any non-metallic 
liquid which has electrical conductivity, chemical decomposition 
takes place, and some or all of the chemical constituents of the 
liquid are either separated into their component parts or new com- 
binations of elements are produced. 

This phenomenon is known as electrolysis and it can take place 
only in conducting liquids, which are called electrolytes. 

Electrolytes may be normal liquids or solids brought to a 
liquid state by fusion, and maintained in this condition by con- 
tinued application of heat. Electrolytes which are liquid at ordi- 
nary temperatures, and which are used in electric batteries, are 
made up of mixtures of acids, bases or salts dissolved in water 
or other solvent. Solutions in water of common salt, sulphuric 
acid, potassium hydrate, sodium hydrate and the like are examples. 
Most organic liquids, such as alcohol, ether, aldehydes and hydro- 
carbons, and chemically pure water, are poor conductors of elec- 
tricity, and no electrolytic decomposition takes place when they 
are subjected to ordinary electrical potentials. 

Since all conductors used in electrical machinery for the trans- 
mission of current, are either of metals or carbon, it is necessary 
to have two metallic or carbon conductors immersed in the liquid 
or electrolyte in order to pass the current through it. These two 
immersed conductors are called electrodes or poles. The con- 
ductor attached to the wire connected with the positive pole 
of the dynamo or other source of current is called the anode. 
The other conductor attached to the negative pole of the dynamo 
or current source is called the cathode. The current flows from the 
positive pole of thedynamo to the anode, leaves the anode to 
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pass into the liquid, travels through the liquid and reaches the 
cathode, by which means it leaves the liquid and goes to the 
negative pole of the dynamo. All chemical dissociation or com- 
bination manifests itself at these two electrodes, either where 
the current leaves the anode to enter the liquid, or where it leaves 
the liquid to pass to the cathode, and nowhere else in the body of 
the electrolyte. 

Ions are the carriers which transport the electricity through the 
electrolyte. They are supposed to be atoms, or groups of atoms, 
which are charged either positively or negatively and to move in a 
continuous procession through the electrolyte, the negatively 
charged ions or anions passing in a direction opposite to that of the 
current flow, to the anode, and there giving up their negative 
charges, which are neutralized by the positive charge of the anode, 
while the cations move in the same direction as that of the cur- 
rent flow, towards the cathode, and there give up their positive 
charges, which are neutralized by the negative charge of the 
cathode. 

The phrase “ direction of current ”’ is used here simply to indi- 
cate a movement from the anode to the cathode, but, in truth, 
there is no current flow other than that caused by the continuous 
transfer of charge by the ions as described. 

An ion, then, is simply an atom or a group of atoms, charged 
with a certain quantity of electricity, which it transfers from one 
electrode to the other. 

When molecules are dissociated into atoms or groups of atoms 
bearing an electrical charge or, in other words, when ionized, they 
have not the same chemical properties that a molecule or group 
of molecules of the same substance would have, if not in an 
ionized state. 

Ions are formed in four different ways, which are : * 

I. A molecule, under certain conditions, breaks down into an 
equivalent number of anions and eations. 

II. An atom takes a charge from an ion, thereby becoming itself 
an ion, and the original ion, being deprived of its charge, becomes 
an atom. 

III. One substance passes from the condition of an atom to 
that of a cation, while another substance passes at the same time 
from the condition of an atom to the corresponding anion. 

* Outlines of Electro-Chemistry. H. C. Jones. 
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IV. An ion receives an additional charge of electricity and con- 
verts an atom into an ion having an opposite charge. 

As is well understood, the usual products of electrolysis of 
dilute acid solutions are oxygen and hydrogen. The oxygen 
appears at the anode, while the hydrogen forms at the cathode, 
both appearing as free gases, except when the electrodes are of 
such chemical composition that the oxygen and hydrogen can 
combine with them to form new substances. The quantities of 
oxygen and hydrogen formed by the passage of current are always 
in a strict proportion, viz., eight times as much of oxygen as of 
hydrogen by weight, or twice as much hydrogen as oxygen by 
volume, these being the proportions of these two gases in the 
formation of water. 

Whenever chemical dissociation is produced, energy is required, 
the energy necessary being proportional to the amount of heat 
set free when the compound was formed by the combination of 
its constituent molecules. Conversely, when chemicals in an 
electrolyte combine to form a new substance, the heat energy of 
formation may manifest itself as electrical energy instead of 
heat, which fact makes possible the electric battery. 

All substances which require energy for their decomposition and 
which give out energy on formation are called endothermic which is 
the property of most compounds. A few, however, which are called 
exothermic give out energy when decomposed and require energy 
to effect their formation. 

Faraday formulated the following laws, which have been amply 
confirmed since he first announced them: 

I. The amount of a substance liberated at an electrode is pro- 
portional to the total quantity of electricity passed through the 
cell. 

II. The amount of a substance liberated by a given quantity of 
electricity is proportional to the electro-chemical equivalent of the 
corresponding ion. 

III. The amount of a substance liberated is equal to the electro- 
chemical equivalent of the corresponding ion X total quantity of 
electricity. Thus W = Z X Q; that is, wt. in grams = electro- 
chem. equiv. X no. of coulombs. 

Hence, for a steady passage of current of ¢ amperes for t 
seconds, 

Q = ct, and W= Zct. 
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The electro-chemical equivalent of a substance is the ratio of the 
quantity, by weight, of the substance which is decomposed by 
one coulomb of electricity, to the quantity of hydrogen liberated 
by the passage of one coulomb. Numerically, it is equal to the 
atomic weight of the substance divided by its valency. The atomic 
weight and valency of hydrogen being both equal to 1, its electro- 
chemical equivalent is unity, and for this reason it is taken as the 
unit. 

That for oxygen = 16+2 = 8; for lead= 206 + 2 = 103. 

The table herewith gives a list of the elements, the atomic 
weights, valencies, grams liberated per coulomb, grams liberated 
per ampere hour, and coulombs required per gram liberated, for 
each. 

It will be noted that a few substances have more than one 
valency, depending on the form in which they are combined with 
other elements. They therefore have more than one electro- 
chemical equivalent, which is to say that in a certain combina- 
tion more of the element is dissociated by a given quantity of 
electricity than if in some other combination where its valency is 
greater. 

The laws of Faraday relate only to the quantity of electricity 
necessary to liberate a given weight of a substance. The energy 
required to produce a disruption of any substance is the product of 
the electro-motive force multiplied by the quantity of electricity 
or energy = EQ, in which E = electro-motive force, Q = cou- 
lombs, the product being expressed as volt-coulombs or joules. 
Bertholet has shown this energy to be strictly proportional to the 
quantity of heat liberated by the chemical formation of a molecule 
of the substance, and therefore, the electro-motive force produced 
by an electric battery is proportional to the heat released by the 
chemical combination. 

This heat, absorbed by any chemical reaction, is known as the 
“heat of formation.” Later, in Chapter IV, its use in connection 
with electro-motive force computations will be shown. 

Volta discovered in 1790 that if electrodes of two chemically 
dissimilar conducting substances are immersed in an electrolyte, 
which can attack one or both the electrodes, an electro-motive force 
is produced which gives rise to a current flow when the external 
circuit between the two electrodes is closed. While the circuit 
remains open, little or no chemical decomposition takes place, and 


ELECTROLYTIC DISSOCIATION 


g0v]dal [JIM 41 SuI0je UaZO0IpAH JO Jaquinu Jo ‘AouaTVA PATPOYA f 
‘OO6T ‘Areniqaq ‘A£4oI00g [eOIWIEYO URoLIEULY 9} OF SIUZIOM OIVIOZY UO 99}}IWIUIOD 94} JO ylodel ey} WOT , 


0'CLE 889200° | 1068 °0 €61e 1 L8€€000° GP SE 6°49 Il UZ 
F'F0Z 66800 | 90970 06162 7919000" G0 6S T 8tr ; wm Us 
8807 9FFZ00° | €106'0 G60r I Z80€000° Goo 64 (OIEIE || oe RS 
9° 10S G68100° | cé9T 1 16980 88€Z000° 88° SS 88°36 1 BN 
LGU €L8800° | $8ho°0 840 'F OSTI100° IT LOT IT LOT I 3V 
6 OTE 91Z€00° | $989°0 L8SP 1 6S0F000° 28 8E 68 8E cesT 
8° Pol Z10800° | 6g20°0 8EE9 7600100" 01°96 Py €6l Ir 3d 
L696 900700 | 70Sg°0 6918 T 1¥0S000° Ge 87 y €6l Al 4d 
1 02ST 849000" | ZISe's $862 0 6280000" v6 2 88° ST 11 O 
8°€09% | 786000 | SOPL S GPLl 0 F8F0000° 9 P €6 €1 iri N 
¥ VIP €17z00' | LET6 0 vr60 1 0F0€000° GSI 62 Go 8S ir IN 
8°09 PrP9lO | OFET'O 887 L 6140200" 0G 861 ¢ 861 1 3H 
9 Tel 266800 | 1892'0 9661 °€ 09€0100- GZ 66 ¢°s6r | ™ 3H 
1° GvV f9z00° | L7L6°0 0920°T 0982000" Of LE 9° 7S MEET AL 
G°T00T 866000° | 0806 ¢ 62SF 0 89Z1000° G0GI 14% Ir By 
9 LIT 906800 | 2696 °0 G8G8'€ STLOTOO™ 89° SOT 96°90¢ | ™ Ad 
v PEP Z0EZ00° | 9196 '0 L¥v0 1 Z062000° 08° 16 i) Ge TG | 
g 199 GESl00’ | P9Er T 6969 0 FE61000° €¢ 81 1) i) Ir of 
6° 6 6ZP0I0 | FITZ 0 VOEL Y OFTET00' 68 SI 68°Ser |} Tt IT 
9°$90ZI | €80000° | 296992 91460°0 PFOLO000' 000 °T 000°T 1 
I S81 p0PG00 | 0807 6 CIGh @ 6089000" 1% G9 LS6U |) TENW 
€ 161 822G00° | 8I2F 0 OTLE S 9899000" O19 Leg r no 
9° S8E P19Z00° | GEP8 0 Sg8T T €6€000° gc Te Leo m1 ny) 
I &vé #16200 | $9920 613 T ZL9€E000° BI Ge 81 Ge Zt .1D 
G'y90P 9%Z000° | 9096°8 9III 0 OTE0000° GLO °S 6 IT ar 9) 
9°909 879100 | FLEE T LL¥L' 0 1106000" 06°61 8°68 ue. IO) 
I ¢ST 219900 | PSee 0 Z186 3S 1828000" ve 6L ve 6L r ag 
1 €0€ 66Z£00° | 6899'0 G967 T LG1¥000° €8 68 GOT | rds 
0 9781 €PL000° | FL96°¢ OLEE' 0 960000" G96 8 6°93 It [V 
*quiornop 
*punog “mow “med “moy Jod suey *Sque] : “solnus[vA 
jad smoy | -aeduy | Jed smoy -alad wy “squs] -eAmMbay ergs pure 
-giedury |sed spunog| -sledwy Jed suBin -eAINbDy [eo | [BorWeyO Sn sjoquisg 
-1W9Y9-0.1499] 


‘TT daTavi 


hoe = nouns) ULL 


ce ora) >) uly, 


"“WUNIPOS 


Se Sen eee “IOATIS 


reeeee esse s+ -COMISSBIOg 
“(snouryeyd) wINuUl}e] gd 


*(oraryeyd) uMUye 
‘uadAXGO 

: *- UesOIIIN 
SAIL OaHIb 4 acon [OXON 
(snomoreux) AInNd19 1 
“(sinoreur) ANDY 

Ts sa ae ‘asouvsuey 
srs esss ss “MISUSE 


RS rig | 


gee OR (snod19}) UO1T 
er o= COKiO)) suo L | 
boven eee ees Qurpoy 


ainede = ogser aes “pjor) 


“+ (snoxdna) Seaniog 
poe coisa) iaddog 
Se ee ouLIaTYyD 
SE aptrern tc “Woqde) 
Deven eee ees uMTaTRD 
Feseeee ee es gurmMmOTg 
ees iat eA OUIU NEY 
eve) e si eke 6.2 a: wMNIUIWNy, Vy 


*s]USUIE[ 


a 


6 STORAGE BATTERY ENGINEERING 


the electrode subject to attack by the electrolyte, is not acted on 
at all, or to aslight degree only. As soon, however, as the external 
circuit is closed, a flow of electricity takes place, the chemical action 
becomes violent, and the attackable electrode is either gradually 
eaten away, being dissolved in the electrolyte, or it combines with 
the electrolyte to form another substance. 

The amount of the electrode destroyed or converted was found to 
be proportional to the quantity of electricity which was taken from 
the cell, and conversely, the quantity of electricity which a cell is 
capable of giving out is proportional to the amount of chemical 
substances in the electrodes with which the electrolyte may 
combine. 

Any two chemically dissimilar electrodes which give rise to an 
electro-motive force when immersed in an electrolyte are called a 
voltaic couple. Two classes of such couples are in commercial 
use; one in which the exhaustion of the materials, either of the 
electrodes or electrolyte, requires the removal of the substances 
formed by their combination and the substitution of fresh mater- 
ials in order to rejuvenate the cell. 

The other class is that in which the electrodes are not dis- 
solved but, when the battery gives out current, some of the chemi- 
cals in the electrolyte combine with the electrodes, augmenting 
their bulk and weight, and when the chemicals available, either 
of the electrodes or the electrolyte, have so far combined, through 
the act of producing current, as to finally reach a condition of 
exhaustion, the battery may be rejuvenated and brought back to 
its condition of usefulness by the reverse action of current. 

Any voltaic couple which is reversible, 7.e., capable of regenera- 
tion after exhaustion by passing an electric current through it in 
a direction opposite to that of flow on discharge, is a storage 
battery or accumulator. 

There are many couples which fulfill this condition and ean be 
used as storage batteries, but with the exception of lead peroxide 
against lead, and lead peroxide against zinc, none, so far, has 
proven commercially available for engineering purposes. Edison 
and Jungner have produced iron-nickel cells which promise to 
be of value in electric motor-car propulsion, but because of 
their low efficiency, as elsewhere explained in this work, they 
can never compete with the lead-lead battery for power station 
service. 
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The lead-lead cell being in general use — practically to the exclus- 
ion of all other types — it, only, will be considered in detail here. 
The engineering applications and methods of installation will be 
of the same character for any type of battery used, the only differ- 
ences being in the electro-motive forces of the individual cells, 
and the corresponding number of cells required for any given 
equipment. 


CHAPTER II. 


DESCRIPTION AND CHARACTERISTICS OF THE LEAD 
CELL. 


Tue lead-lead battery consists of two electrodes or sets of 
electrodes, the positive and negative, immersed in the electrolyte. 
The two electrodes are sponge lead, (Pb), for the negative, and 
peroxide of lead, (PbO,), for the positive, these forming the active 
couple, the electrolyte being dilute sulphuric acid. The two sets 
of electrodes are called an element. The positive and negative 
electrodes can readily be distinguished by their colors when they 
are in good condition. The peroxide plate is of a velvety brown 
chocolate color and the lead sponge plate is a light gray. They 
are also distinguishable by their hardness, the positive being 
usually hard like soapstone, while the negative is soft and can be 
easily cut into with the thumb nail. 

Sponge lead is not ordinary metallic lead, but some allotropic 
form of this metal. Its conversion into the ordinary form of lead 
is accompanied with the production of heat. 

Darrieus has shown that the electro-motive force between soft 
metallic lead and lead peroxide immersed in dilute sulphuric acid 
of about 1.225 sp. gr. is 1.46 volts, while under the same conditions 
of temperature, acid concentration and disposition of plates the 
electro-motive force between electrolytically formed lead-sponge 
and lead-peroxide is 1.94 volts. 

When the cell gives out current, the elements gradually change 
in composition, becoming mixtures or compounds of lead and lead 
sulphate at the negative electrode, and lead peroxide and lead 
sulphate at the positive electrode, the chemical change caused by: 
the giving out of electrical energy being a gradual formation of 
lead sulphate. 

The chemicals, lead and lead peroxide, are called the ‘‘ active 
materials.” 

The electrodes are usually made in the form of flat, thin plates, 
there being several positives and negatives in each cell, The posi- 
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tives are all connected together in one group to a common terminal 
and the negatives are connected in another similar group, the two 
sets of plates being interleaved with each other, so that each 
positive plate has adjacent to and facing it on either side, a 
negative plate. The plates are usually set vertically in the con- 
taining jar or cell, except in certain special cases. 

The adjacent plates being of opposite polarity, they must be 
kept well separated and insulated from each other, as electrical 
contact between the two groups at any point will short-circuit the 
entire cell. For this reason separators are placed between the 
plates to prevent any contact between them. These separators 
must not prevent the circulation of electrolyte from plate to plate, 
nor its contact with the plates. Glass rods, perforated hard rubber 
and porous wood are principally used as separators. 

When the electrodes are in a condition to give out current, the 
battery is said to be charged. The process of giving out current 
is called discharge, and when an amount of electrical energy has 
been taken from the cell which brings its electro-motive force down 
to a predetermined safe limit, — 1.7 to 1.8 volts, —it is said to be 
discharged. The process of sending current into the cell from an 
outside source in a direction opposite to the flow on discharge, and 
thereby reducing the exhausted chemicals back to their original 
useful condition, is called charge. Obviously, the term ‘ charged ” 
does not mean that any electricity is stored in the cell or resides 
in the electrodes. It means that the chemical condition of the 
elements is such that they form an active voltaic couple or cell 
which, in its general behavior, differs in no wise from any ordinary, 
primary element. 

A charged cell, then, is one in which the active material of the 
positive plates is lead peroxide, and that of the negatives is sponge 
lead, while a discharged cell is one in which a portion of the active 
material on each plate has been converted into lead sulphate. 

The electric current when flowing through the cell in the direc- 
tion of charge has the function of a chemical reducing or oxydizing 
agent only, and when passing in the direction of discharge the 
current given out is produced by the energy of chemical com- 
bination. 

It is customary to call the peroxide plate the positive, because 
the current discharging from the cell flows out from the peroxide 
plate, and therefore it stands in the same relationship to the exter- 
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nal circuit as does the positive pole of a dynamo. Considered 
voltaically, however, the peroxide plate is the negative and the 
sponge lead plate is the positive, because in the interior of the 
cell the current flows from the lead sponge to the peroxide. In 
the voltaic series, sponge lead is a highly electro-positive sub- 
stance, while lead peroxide is the most electro-negative of any 
known substance. This means that when the two are immersed 
in an electrolyte and connected by an outside circuit, current 
flows inside the cell from the voltaic positive to the negative. Ob- 
viously, viewed from the voltaic standpoint, current flows out of 
the cell from the negative electrode, but according to the rule 
that the positive pole or terminal is that from which current leaves 
a source of electrical energy to pass to the external circuit, the lead 
peroxide electrode is the positive. This being the engineering 
usage, it will be adhered to in this work. 

As stated before, the discharge of a cell is attended by the 
formation of lead sulphate. Pure lead sulphate, (PbSO,), when 
isolated, is white in color, has a high resistance, being in fact an 
insulator, and its volume is greater than that of the lead or lead 
peroxide of which it is formed. Therefore a cell should never be 
discharged below some fixed limit, because the excessive quantity 
of sulphate formed will injure the plates both electrically and 
mechanically, tending to crack and loosen the active material. 
Cells which have been too far discharged, and thereby had too 
much sulphate produced, are said to be sulphated. This condition 
is indicated by the deposit of white sulphate on the surfaces of 
the plates. 

The unit of cell capacity is the ampere-hour, which is the equiva- 
lent of one ampere flowing for one hour. The ampere-hour 
capacity of any cell on discharge is the product of the rate of flow, 
in amperes, multiplied by the number of hours the current rate is 
maintained. If the discharge is variable, the capacity is the 
summation of the products of each of the various rates multiplied 
by its duration in hours. 

The capacity varies with the rate of discharge and the temper- 
ature, decreasing with the rate and increasing with the temperature. 
Therefore it is necessary to adopt a standard temperature and 
rate of discharge in order to definitely specify battery capacity. 
The standards are taken as the 8 hour rate for discharge at a tem- 
perature of 70 degrees F. or 15.5 degrees C. 
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The 8 hour rate is the current flow which a battery will give 
for 8 hours continuously without falling below the allowable 
minimum voltage. Thus an 80 ampere-hour battery means one 
which will discharge 10 amperes continuously for 8 hours. Other 
things being equal, the rate at which a battery may be discharged 
depends on the area of active material surface in contact with the 
electrolyte. In computing the active area the positive plates are 
taken as the basis, for the reason that the number of negative 
plates in a cell is greater by one than the number of positives, 
except in the special case of a simple couple or two plate 
cell. The active area of each positive plate is its breadth multi- 
plied by its (submerged) length and this product is doubled because 
the two surfaces of the plate are active. The active area of any 
cell on this basis is, of course, equal to the active area of each 
positive plate multiplied by the number of positive plates in the 
cell. 

The voltage or electro-motive force of a cell is dependent only 
on the character of the materials in it and the temperature, and 
is independent of the size of the cell. The voltage of the lead-lead 
cell is approximately 2 volts. When the usual working voltages 
necessary for electrical service and distribution are required, a 
sufficient number of cells are put in series to give the desired pres- 
sure. Thus on a 100-volt circuit approximately 50 cells are 
required, while on a 500-volt circuit approximately 250 cells must 
be connected in series, each cell having the desired capacity for 
the current output taken by the system. 

With the formation of lead sulphate at the two elements on dis- 
charge, the voltage of the cell gradually decreases until the 
minimum allowable value is reached, — usually 1.8 volts, — when 
the cell is considered to be fully discharged. If after complete 
discharge the cell be allowed to stand idle for a short time, say 
from one to two hours, it will be found to have some additional 
capacity and can again give out current. This is called the 
residual charge, and is due to the fact that the diffusion of elec- 
trolyte into and out from the minute pores in the active material 
is retarded by a surface layer of lead sulphate. When discharge 
takes place, the sulphuric acid of the electrolyte yields up a 
portion of its constituents, which go to form the lead sulphate. At 
first, the chemical action takes place most rapidly at the surface 
of the plates and the resulting formation of sulphate tends to 
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close up the pores in the active material by reason of the resulting 
increase in volume. The continuation of discharge requires the 
abstraction of a portion of the chemical constituents from the 
electrolyte imprisoned in the pores of the plates, and the amount 
of electrolyte thus available is very small. When this is exhausted 
the cell has been fully discharged. On standing, however, the 
electrolyte outside the plates slowly diffuses into the pores and 
provides an additional amount to make the cell again active, which 
is the source of the residual charge. 

Like every other electrical device the storage battery has a 
certain efficiency which is the ratio of the electrical energy given 
out by the cell to the energy required to recharge it. This effi- 
ciency varies with so many factors that all the conditions of work- 
ing must be given before any value assigned it can have any 
meaning. The standard conditions are 8 hour rates of charge and 
discharge, temperature 70 degrees F’. maintained constant through- 
out the cycle of discharge and recharge. Many other details enter 
into this question, as are fully set forth in Chapters XII and XIX. 

Every cell has an internal resistance, which also is a variable. 
This causes a drop in the cell potential when discharging and an 
increase when charging current is being sent into it. The actual 
drop or actual increase, however, is much greater than that due to 
the current flow multiplied by the resistance. The principal 
factor which causes these changes in potential at the battery ter- 
minals is polarization. 

Polarization is a phenomenon which occurs on the passage of 
current between two electrodes immersed in an electrolyte, and 
its effect is always to oppose the flow of current and to reduce it. 

It is customary to consider all effects resulting from electro- 
lytic decomposition which oppose the current producing them, 
as polarization. There are, however, two different causes which 
tend to obstruct current flow, namely, increase in ohmic resistance 
and in counter electro-motive force. The author prefers to con- 
sider the change in ohmic resistance as such only, and confine the 
meaning of the term “ polarization ”’ to the counter electro-motive 
force effects. 

The passage of current through the electrolyte decomposes some 
or all the compounds of which it is formed, and on breaking up, the 
elements or other compounds which are released may be dissolved 
in the electrolyte; may pass off in the form of gas; may surround 
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the electrodes as a film; may be absorbed or occluded in the pores 
of the electrode or may enter into chemical combination with the 
material of the electrodes. 

The formation of a film, whether gaseous or of some salt of 
the material of which the electrodes are made, would increase 
the resistance by diminishing the area of the current path. The 
change in the concentration or the chemical composition of the 
electrolyte or electrodes, or the action of the gases occluded by 
the electrodes, will set up a counter electro-motive force and the 
joint action of these two effects is to oppose the flow of current. 

The most important of all the polarizing agents liberated is 
hydrogen. This being electro-positive, it travels to the cathode 
which is the negative on charge and the positive on discharge, 
and sets up an electro-motive force in opposition to that pro- 
ducing current flow. 

Nernst has shown that for electrolytic decomposition, the 
electro-motive force between the electrodes is not simply that 
necessary to decompose water, but to the potential which will 
decompose water must be added an amount which varies with 
the character of the electrodes. This additive factor depends 
for its value on the ability of the electrodes to occlude hydro- 
gen, varying inversely with the occlusive capacity. The greater, 
therefore, the quantity of hydrogen which can be occluded by a 
given volume of the electrodes, the less is the additive factor, 
and the less the total voltage required for electrolytic decom- 
position. Since lead has the property of occluding but little 
hydrogen, its additive factor is high, hence the electro-motive 
force between lead peroxide and sponge lead electrodes is 2 volts 
and above, although the voltage of decomposition of water is 
only 1.35 volts. This simply is an example of polarization due 
to hydrogen. If hydrogen can be occluded it produces little or 
no counter electro-motive force, while no occlusion means that 
the hydrogen is free to set up a counter pressure. 

The voltage of a storage battery rises gradually as charge pro- 
ceeds, until a maximum is reached. When discharge takes place, 
the voltage sinks gradually until the minimum allowable value is 
attained. These voltage changes are usually represented by 
diagrams called voltage curves, which are simply curves drawn 
on rectangular co-ordinates, the abscissee representing the time 
in minutes or hours and the ordinates the voltage at the terminals 
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of the cell. By reference to these curves, the voltage at any 
period during the time of charge or discharge may be determined, 
and by comparison of the charge and discharge curves plotted to 
the same scale, the characteristics of a cell for a single cycle may 
be computed. 

It is evident, from what has preceded, that the more porous the 
active material, and the better the circulation of the electrolyte, 
the less will be the fall in the voltage curve, as discharge proceeds. 
Figure 1 shows charge and discharge curves of a certain cell. It 
will be seen that the curve of charge consists of three parts, one dur- 
ing which the voltage rises suddenly at the beginning of charge; the 
second part during which the voltage stays reasonably constant at 
between 2.2 and 2.3 volts, and the third part occurring towards the 
end of charge, being a rapid continuous rise from about 2.3 to 2.6. 


Volts 


Hours 
Fic. 1. Curves of Charge and Discharge. 


It is probable that intermediate chemical changes begin to take 
place at the point where the curve begins to rise rapidly at the 
end of charge and also that gas is produced and the effects of 
polarization become more marked. 

The discharge curve also shows a like form, except in a reverse 
direction: the voltage falls quickly to about 2 volts, and then con- 
tinues at very nearly a constant value until a certain point in the 
curve is reached toward the end of discharge, when it begins to fall 
off rapidly. This sudden fall in voltage is due to a number of 
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causes, the most important of which is the formation of sulphate 
on the surface of the plate, preventing access of electrolyte to the 
inner pores of the active material, and greatly increasing the 
ohmic resistance of the cell. The electrolyte, which is enclosed 
in these pores, rapidly turns to water by reason of abstraction of 
SO, from H,SO,. 

There are two generic types of storage battery plates; one, 
known as the Planté type, is made by preparing lead plates so that 
a large area is exposed and then chemically or electro-chemically 
oxidizing the surface into lead peroxide, which forms the positive 
plates. To form negatives, the peroxide plates are connected as 
cathodes with lead sheets as anodes, in a bath of dilute sulphuric 
acid, and current passed through the cell. The hydrogen set free 
on passage of current reduces the peroxide to metallic sponge 
lead. By this method of formation, a thin layer of active material 
is produced, which is porous and firmly adherent. 

The other type is that in which the active material is made up 
in the form of a paste or powder, and applied to the grid, generally 
being compacted under heavy pressure. This is known as the 
Faure type, usually called in the trade the “ pasted plate.’ Each 
method of manufacture has its advantages and each type of 
battery finds conditions to which it is best suited. 

As has been pointed out, the capacity of a storage batteryis largely 
dependent on the area of active material exposed to the action 
of the electrolyte. Therefore, the most efficient use of material 
requires that it be so shaped or fashioned as to give the greatest 
amount of exposed surface per unit mass of active material. 

The electrolytic action cannot penetrate to any appreciable 
depth into the surface of a solid plate, and consequently that por- 
tion of the lead or lead peroxide which is acted on electrolytically 
must be in a finely divided or porous state, in order to present a 
large surface to the electrolyte. 

‘Neither sponge lead nor lead peroxide possesses strength, 
rigidity or high conductivity. Mechanical considerations require 
the first two, and without the latter the current could not be effi- 
ciently conducted away, even if the chemical constituents of the 
battery were perfect. Therefore, the battery plate must consist 
of two parts, z.e., the grid, which is a rigid framework or plate, 
and the active material, which is finely divided and porous lead 
or lead peroxide. 
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The grid gives the necessary solidity and strength to the plate, 
and also affords the required conducting path to carry current and 
distribute the electrical — and consequently the chemical — action 
evenly over the surface of the elements. 

Although the action of the electrolyte cannot penetrate to any 
appreciable depth on a solid plate, the layer of active material may 
be comparatively thick, if it be porous enough to allow of the 
penetration of the electrolyte. 

The ideal requirements to be fulfilled for the production of a sat- 
isfactory storage battery plate are: 

1. The arrangement of grid and active material should be such 
that the current distribution is uniform over the surface of the 
plate. This is, of course, an impossible condition, but it can be 
sufficiently approached to meet all practical requirements, by 
proper design of grid and securing firm adherence of active material 
thereto. 

2. The grid should be so constructed that it can expand, chang- 
ing its size as the volume of the active material changes under the 
action of current and electrolyte. This is also difficult —in fact, 
with most types, impossible. Inability of designers to meet this 
requirement causes most of the troubles in storage batteries. The 
expansion on formation is very great, and the expansion and con- 
traction of lead peroxide on discharge and charge are considerable. 
This requirement applies principally to the positive plate, for in 
ordinary working the lead of the grid or support is continuously, 
though slowly, oxidized, and this means a continual expansion or 
“ growing ”’ of this electrode. No such action takes place at the 
negative plate and its active material is so soft and spongy that 
the natural changes in volume in charge and discharge are easily 
taken up in the lead sponge itself. 

3. Active material must be fast to the grid and in electrical con- 
tact therewith. This condition can be met when the plates are 
manufactured, but if the active material expands and the grid 
does not, and condition 2 be not fulfilled, the active material will, 
in time, lose both mechanical and electrical contact. 

4. The grid should resist the action of the acid. This require- 
ment is theoretically impossible, but any destructive action may 
be so greatly retarded as to meet all commercial demands. In 
types of batteries using the grid as a part of the active surface and 
covered with active material, this requirement does not apply. 
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5. The grid must be of such material that there is a minimum 
of local action between itself and the active material. There is 
no difficulty in securing this condition. 

6. Ample provision should be made for diffusion of the elec- 
trolyte, so that concentration differences may equalize as rapidly 
as possible. This is important, especially in batteries which are 
to be charged and discharged at rapid rates. The importance of 
the ability of the electrolyte to diffuse rapidly through every 
portion of the active material cannot be over-estimated. Capacity, 
freedom from excessive sulphation, life, maintenance of electro- 
motive force on rapid discharge, and in fact nearly every factor 
which goes to produce a satisfactory cell, depend on this one 
characteristic. It may be said that the rate of diffusion is a 
measure of the excellence of the electrodes. 

7. The active material must expose the greatest possible surface 
to the electrolyte. This is effected by methods later to be described. 
and of which there are a large number. 

Many other considerations enter into the question of producing 
a satisfactory cell, but the foregoing are the basically important 
ones. Others will further appear as the different parts are treated 
in detail. 


CHAPTER, IIT. 
CHEMICAL THEORY OF THE LEAD CELL. 


Many theories have been advanced to account for the chemical 
changes in the lead cell, but the only one which has been proven 
by every available means, has successfully resisted every attack, 
and is to-day accepted by the scientific world, is the Double Sulphate 
theory of Gladstone and Tribe. 

Gaston Planté evolved the first theory of the lead cell, which, 
in brief, is that on discharge the O released at the negative elec- 
trode oxidizes the sponge lead, Pb, into PbO, and the H released 
at the positive electrode reduces the lead peroxide, PbO,, to PbO. 
Evidently he believed that the whole chemical reaction comprised 
the de-oxidation of the positive electrode and an equal oxida- 
tion of the negative electrode. Later, it was pointed out that the 
PbO, and Pb of the positive and negative plates both reduced to 
PbSO,. Planté reasoned from this that the Pb and PbO, both 
changed electrolytically to PbO, and since PbO cannot exist in the 
presence of sulphuric acid, it was reduced from PbO to PbSO,, 
this reduction being a secondary chemical reaction, independent 
of any electrolytic action. 

This theory endured for a short time, until it was shown to be fal- 
lacious from thermo-dynamie considerations. When PbO is chemi- 
cally changed to PbSO, by the accession of 8 and O, this chemical 
combination is accompanied by the liberation of heat, which heat 
is radiated and lost. Since a storage battery is reversible and gives 
out on discharge nearly as much energy as is put into it on charge, 
it is manifest that Planté’s theory could not be correct. 

Gladstone and Tribe, after prolonged and careful experimentation, 
concluded that the changes from Pb to PbSO, and PbO, to PbSO, 
are unquestionable, but instead of the electrodes being first 
reduced electrolytically to PbO and subsequently to PbSO, by 
secondary reactions, the change from Pb and PbO, to PbSO, is 
a direct one and effected solely by electrolysis, there being no 
secondary reaction involved. 

18 
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Changes also take place in the electrolyte during charge and 
discharge. On charge, the SO,, in combination with the active 
material and forming the lead sulphate, is given up to the liquid, 
which therefore gains weight and its density increases. On dis- 
charge, the converse action takes place; the SO, is taken up by 
the lead and lead peroxide to form sulphate, and the density of the 
liquid decreases. 

These changes are set forth by the reversible chemical equations: 


CHARGE 
Gy. = PbO) HS0,— Pbso, + H,0 4 0 
(ree b> 8 Mc) Peso. rH 
(©) = @) + @) = PbO, + Pb + 2,80, = 2PbSO, + 2H,0 () 
DISCHARGE 
—_——> 


Equation (a) expresses the reactions at the positive plate, }) 
those at the negative and (c) the combined effect which is the 
fundamental equation of the lead storage battery. Read from left 
to right it is the equation of discharge, while if read from right to 
left it is the equation of charge. 

The equation of charge shows that both the negative and posi- 
tive electrodes start as lead sulphate, (PbSO,), and, combining 
with the dissociated elements in the electrolyte, they turn into 
lead and lead peroxide, respectively. Also, SO, is released, which, 
combining with the H,O in the electrolyte, forms sulphuric acid. 

The equation of discharge shows the changes of lead and lead 
peroxide on the negative and positive plates, respectively, into 
lead sulphate, and the reduction of sulphuric acid to water. 

It is not to be supposed that the reactions, as explained or given 
by the equation, show all the changes and transformations which 
occur. There are many other intermediate reactions and by- 
products of decomposition. 

While the transformation of the Pb and PbO, into PbSOQ, is 
universally admitted, there are numerous theories concerning the 
transition from the one condition to the other, which are widely 
at variance, and the fact is, the chemistry of the storage battery 
is by no means perfectly understood. 

The -electro-motive force: of any voltaic cell depends on the 
character of the metals or metallic compounds forming the ele- 
ments, the kind of electrolyte and on its density or concentration. 
The voltage of a lead-lead battery is that between sponge lead 
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and lead peroxide electrodes as long as any particles of these 
materials are on their respective plates. Theoretically, if the 
elements only be considered, and the density of the electrolyte be 
maintained constant, the electro-motive force of a cell should be 
constant up to the point of reduction to sulphate of the last traces 
of lead peroxide and lead, and then suddenly fall to zero. As a 
matter of fact, the voltage falls gradually from the beginning to 
end of discharge, and its failure to follow the above hypothesis 
has been the subject of no little speculation and research. 

Some investigators — notably Fitz-Gerald, Darrieus, and Gris- 
com — have formulated a theory for the chemical reactions in a 
lead cell which differs somewhat from the one before given, and 
which is intended to explain the voltage variations and account 
for certain products of chemical combination which have been 
found to occur in storage cells. 

This theory is that on passage of current, H,SO, breaks up into 
hydrogen, (H), and sulphion, (SO,), at the negative and positive 
electrodes, respectively. The SO, at the positive plate combines 
with the H,O and H,SO, of the electrolyte, forming H,SO, and 
H,8,0, or persulphuric acid. 

This latter compound was first observed by Bertholet in 1878 
and afterwards investigated by Robertson, besides the other 
authorities cited. 

Persulphuric acid is an unstable compound, which begins to 
decompose as soon as the current which produced it ceases to flow 
and also under the influence of heat. 

At one time it was supposed to produce the large potential of 
a cell, when, after being fully charged, the charging current was 
continued, or at least to account for a large percentage of the in- 
crease above the normal potential of approximately 2 volts. 

Elbs and Schonherr, however, found in their researches that 
persulphurie acid is formed only when charge is prolonged in highly 
concentrated electrolyte, 7.e., above 1,300 specific gravity. In 
electrolytes of proper density for practical storage battery work, 
2.e., from 1,100 to 1,250, no appreciable quantity of persulphuric 
acid is liberated, and in any ease it is not a primary product, but 
an accidental one. Also H,S,O, is endothermie and absorbs 
energy in formation. It therefore requires a high electro-motive 
force to produce it, somewhat higher than the two volts of the 
lead-lead peroxide couple, 
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Gladstone and Hibbert have shown that if persulphuric acid be 
added to the electrolyte at the anode, no increase of electro-motive 
force is observable, but on the contrary there is a slight diminu- 
tion. These results were later confirmed by Mugdan. 

Dolezalek shows that no irreversible chemical actions take place 
in a battery on charge, which would be the case if persulphuric 
acid were formed; and that the high voltage on charge — up to 
the point of gassing — and gradually decreasing voltage on dis- 
charge are due to great changes in the density of the electrolyte, 
which occur within the pores of the plates, these changes being 
far greater than those which take place in the visible electrolyte 
surrounding the plates. 

Fitz-Gerald in 1885, and frequently since then, has maintained 
that on discharge the peroxide at the positive electrode is not 
reduced to monoxide, but to sesquioxide, Pb,O,, which is very 
close to the composition of a red lead. He admits, however, that 
the Pb of the negative electrode is reduced directly to PbSO, in 
the presence of the H,SO,. The subsequent transformation of 
Pb,O, to lead sulphate, he considers a secondary action, the quan- 
tity of lead sulphate formed being independent of the quantity of 
electricity given out by the battery. 

Gerard has proven the correctness of the Double Sulphate 
theory by suspending electrodes in a cell from a sensitive weigh- 
ing scale and noting their increase in weight for a given number 
of ampere hours of discharge. This increase he found to corre- 
spond to the theoretical change as computed from the equation 
of the lead cell, within the limits of error of experiment and 
observation. Sindersten, Ayrton, Duncan, Lamb, Strecker and 
others have also confirmed the Double Sulphate theory in many 
ways. 

The reactions as set forth in the fundamental equation of the 
storage battery do not hold, however, for abnormally excessive 
or very low rates of charge and discharge. 

Extremely rapid charge will produce small quantities of per- 
sulphuric acid at the positive plate, while at the negative 
plate the H,SO, is reduced to sulphur dioxide and hydrogen 
sulphide. 

Excessive discharge rates produce so rapid a dilution of acid 
in the pores of the plates by the abstraction of SO, from the 
H,S0,, that the effect of diffusion becomes negligible. The for- 
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mation of sulphate cannot take place and the active materials 
are simply oxidized and reduced to lead hydroxide, the reaction 
being 

PbO, + Pb + 2H,0 = 2 Pb(OH),, (2) 
the electro-motive force of the cell being only about one volt. 

It has been found that if a lead anode, in a sulphuric acid 
electrolyte, be subjected to a low current density, the surface is 
converted into lead sulphate, and this formation of PbSO, proceeds 
continuously, sinking deeper and deeper into the plate and corrod- 
ing it. If the current density be increased, the PbSO, is con- 
verted into lead peroxide and corrosion ceases. 

This corrosion will take place in pure sulphuric acid electro- 
lytes as well as those containing lead corroding acids. When the 
latter are present, the minimum current density at which cor- 
rosion takes place is much higher than if the electrolyte contain 
only pure dilute sulphuric acid. The current density at which 
corrosion stops and conversion to lead peroxide begins, is depend- 
ent also on the temperature and strength of the acid. 

Also, if a couple be made up of a charged positive plate and a 
lead blank, and the two short circuited in an electrolyte of pure, 
dilute H,SO,, the charged plate will discharge into the lead blank 
and the latter will be corroded. The difference of potential between 
the lead blank and the electrolyte is just below that required to 
form lead-peroxide. If impurities are present in the electrolyte 
the rate of corrosion will be greatly increased. 

Practically the same condition obtains between the active 
material of a plate and the underlying lead. This is a reason 
that the positive plate should not stand in a partially discharged 
condition. 

Corrosion does not take place at all or at a very low rate if the 
positive plate is fully or nearly fully charged. It follows that a 
sulphated positive plate will be put in good condition most quickly 
if the charge rate is high. 

It is important to note that in the rapid processes of forming 
Planté plates, later to be described, the current densities employed 
must never be high enough to cause the formation of oxygen gas 
at the surface of the electrode undergoing formation. 

These facts and phenomena, are best explained by the hypothesis 
that there is a critical difference of potential, between positive 
plates and the electrolyte, above which no corrosion takes place, 
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and below which there is a corrosion of the lead. This hypothesis 
is also a consequence of the dissociation theory of electrolytes. 

Gladstone and Hibbert have set forth the following results of 
their studies concerning the concentration of the acid surrounding 
the plates during the various conditions that exist in storage 
batteries. 

On Charge. 

2 PbSO, + 2H,O = PbO, + Pb + 2H,SO,, (3) 


from which it is evident that sulphuric acid is formed in the pores 
of the two plates while the water disappears. 

On open circuit, after charge, the positive electrode is composed 
of lead peroxide, having its pores filled with highly concentra- 
ted electrolyte, produced during charge. There are three causes 
which tend to produce diffusion between the electrolyte surround- 
ing the plates and the concentrated acid in the pores. They are: 

(1) Normal diffusion, which continues until the two different 
bodies have attained the same density, the rate of diffusion being 
very rapid at first and gradually diminishing as the two densities 
approach the same value. 

(2) Local action set up between the PbO, of the electrode and 
its leaden grid or support. This produces the reaction 


PbO, + 2H,SO, + Pb = 2 PSO, + 2H,0. 


That is, the acid is absorbed and replaced by water. This local 
action persists for a long time and tends to maintain a lower 
density in the pores of the active material than the density of the 
acid surrounding the electrodes. 

(3) The chemical action of the lead peroxide on oxygenated 
water, which latter is formed towards the end of charge. The 
reaction is 

PbO, + Hj0, = PbO + H,O + Q, (4) 
PbO is chemically reduced to PbSO,, which means that H,SO, is 
used up and H,O produced. 

The last two actions are usually negligible. 

At the negative electrode there is also a’ direct chemical action 
of the lead on the acid when the cell is on open circuit. 


_Pb + H,S0, = PbSO, + H, (5) 


From this it appears that acid is used up, releasing hydrogen, 
and thereby the density in the pores of the plates is reduced. The 
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equalization of density is slow and retarded by the occlusion of 
hydrogen bubbles in the capillary passages of the sponge lead. 

On Discharge. The actions at the two electrodes are similar to 
those when on open circuit, with the addition of the normal re- 
actions of discharge; PbO, + Pb + 2H,SO, = 2 PbSO, + 2H,0, 
which shows the absorption of acid and the production of water. 

As mentioned in the preceding chapter, if the discharge of a 
cell be carried too far, a quantity of current being taken out which is 
greater than that the cell is normally designed to supply, and the 
discharged plates be allowed to stand in the electrolyte, an exces- 
sive amount of sulphate is formed, which manifests itself by reduc- 
ing the capacity of the cell, increasing its internal resistance, 
and shows itself visibly by a white deposit on the plates. The 
chemical composition cf this excessive or so-called ‘ injurious 
sulphate” is in no-wise different from that of the normal sulphate 
which is formed on discharge. Some investigators have held that 
the excessive sulphate does differ from the normal sulphate, but 
there is no ground for this belief. 

Elbs theory * of the difference between the normal and the 
injurious sulphates is that they simply have different crystalline 
structures, their chemical compositions being identical. The 
normal sulphate exists in a very finely divided form intermixed 
with the Pb and PbO, of the two electrodes. If a discharged cell be 
allowed to stand idle, and temperature changes take place, even of 
a very few degrees, increase of temperature will cause a greater 
amount of lead sulphate to pass into solution in the electrolyte, 
while a succeeding drop in temperature will produce a deposition 
of some of the dissolved sulphate back on to the electrodes. This 
re-deposited sulphate forms on the plates and in crystals which are 
large as compared with the finely divided form of the original 
particles. In this manner an accumulation of pure sulphate in 
comparatively large crystals, and unmixed with any conducting 
material, is finally produced. This covers and clogs the pores and 
interposes an insulating film between part of the active material 
and the conducting electrolyte, which masks the electrolytic action. 

If this theory be a true one, a cell discharged at a low tempera- 
ture could stand idle for an indefinite length of time without injury 
if the temperature were slowly and continuously augmented dur- 
ing the period of standing. 


* Die Accumulatoren, p. 40. 
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An ingenious though complicated theory has been evolved by 
Wade, termed the “ polymerization”? theory. This does not 
combat the Double Sulphate theory of Gladstone and Tribe, but 
may be considered as an amplification of it, taking cognizance of 
certain phenomena which appear contrary to the Double Sulphate 
theory, and reconciling them with the known fact that a portion of 
the active materials of the two electrodes pass from their respective 
active compositions to PbSO,. 

Wade observed that on discharge the electrodes became 
slightly darker in color than when fully charged, while, according 
to the accepted theory of mixtures, they should become lighter, as 
lead sulphate is white and mixtures of lead sulphate with Pb or 
PbO, are lighter in color than the unmixed active materials. 

He also noted that when lead sulphate manifests itself, it shows 
in white deposits and is not mixed with the active materials of the 
electrodes. He furthermore observed the behavior of plates 
when reversed, 7.e., when, after discharge is finished, current in 
the direction of the discharge current is passed through the cell 
until the Pb of the negative plate is converted into PbO,, while the 
PbO, of the positive plate is converted into Pb, the polarity of the 
plates thus being reversed. He found that in most cases, where 
the reversal was properly done, little or no sulphate appeared, 
while according to the Double Sulphate theory unmodified, the 
active materials on both electrodes must pass through the condi- 
tion of complete conversion into sulphate. Also, the changes in the 
electro-motive force of a cell with variation in charge and discharge 
appeared always greater than could be accounted for by changes 
in the density of the electrolyte contained in the pores of the plates. 

From these and other considerations, Wade concluded that the 
formation of lead sulphate did not necessarily mean that it simply 
mixed mechanically with the active materials, but it forms chemi- 
cal compounds with them, which are feeble but, nevertheless, 
true compounds. 

Following is a brief general outline of this theory as given by its 
author. Lead, like all the metallic elements, unites with other 
elements and radicals to form normal compounds and salts of a 
perfectly definite composition, such as the monoxide, peroxide, sul- 
phate, and so forth. It also enters with greater ease than most of 
the metals into more complex combinations to produce basic salts 
(sometimes termed sub-salts), in which it is partly combined with 
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O or HO, as an oxide or hydrate, and partly with some other 
element or radical. Usually it is capable of producing not merely 
one, but a whole series of basic salts with each radical, of which 
the basic chlorides, nitrates, and acetates are well-known examples. 
In addition to this it is almost unique amongst the metals in the 
facility with which it combines with two or more different radicals 
other than O or HO and gives rise to curious compound salts. 

But besides all its normal, basic and poly-acid salts and com- 
pounds, lead will, under suitable conditions, form others which 
eannot accurately be represented by any formula at all. The two 
most important commercial preparations of lead, namely, white 
lead and red lead, or minium, both furnish well-marked examples 
of this behavior. 

Minium has no fixed or definite chemical composition. Under 
the action of reagents it behaves as if it were composed of lead 
monoxide and lead peroxide, and the formula 2 PbO, PbO,, or 
Pb,O,, most nearly represents its average composition; but 
samples fully possessed of the fine scarlet colour — its distinctive 
physical property —have been found to approximate more 
closely to Pb,O,, Pb, O;, Pb,O3, or to some other degree of oxida- 
tion between these simpler ratios. 

According to Mendelejeff, the molecules of lead may sometimes 
consist of a large but undetermined number of atoms, Pb,; while, 
in the same way, the molecule of lead monoxide is not necessarily 
composed of one atom of lead and one of oxygen, PbO, but of 
many multiples of these quantities, Pb,O,; so also lead peroxide 
may be Pb,O,;; and so on. The assumption does not, of course, 
affect the percentage composition of the lead compounds as ascer- 
tained by analysis, but only their molecular weights, and these 
cannot be directly determined. 

The behavior of certain lead compounds has always seemed 
somewhat puzzling, and they were at one time regarded as not being 
chemical compounds at all, merely intimate mixtures of other 
and simpler compounds. Thus, white lead was a mixture in 
varying proportions either of lead hydrate and normal lead car- 
bonate, or of some definite basic carbonate with an excess of 
normal carbonate. 

It will be evident, however, that we have only to assume a 
sufficiently complex molecular structure, and any number of true 
compounds between lead and a given set of radicals become the- 
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oretically possible — compounds of such closely allied composition 
that their physical and chemical properties grade imperceptibly 
from each one to the next, and so defy isolation. No doubt in 
some instances the whole series of compounds may be so unstable 
and so easily resolved into their proximate components that chemi- 
cally they do appear to be nothing more than mixtures of them. 
In other cases only the combinations in simple ratios may possess 
much stability, but in every case the latter will probably be 
somewhat more stable and more readily formed than the remainder, 
which may need special conditions for their production. 

The manufacture of red lead furnishes a good example of the 
application of the theory, and a suggestive instance of the way in 
which a series of compounds is brought about and of the relation- 
ship of its various terms to each other. The further oxidation of 
litharge by roasting at a temperature not so high as that required 
for its own formation does not appear to consist in the conversion 
of successive molecules of PbO direct to Pb,O,, or some other defi- 
nite oxide, but in the gradual absorption of oxygen by each mole- 
cule, which takes it up atom by atom and passes through a 
whole series of oxides of gradually increasing richness, the action 
proceeding more or less simultaneously and uniformly at all parts 
of the mass, according to the relative adequacy of the air supply. 
Again, supposing the constitution of the monoxide to be Pb,,O,,, 
the series of compounds obtained may be represented as follows, 
but fully to account for the observed facts, its molecular composi- 
tion would have to be far more complex, so as to provide numerous 
other oxides between each of the terms shown: 


Pb,,0,, 12 PbO PbO 
PbO. 2 11ebO + PbO, —— 

Pb,,0,, 10 PbO +2 PbO, Pb,O, 
Pb,,0,, 9 PbO +3 PbO, PbO, 
Pb,,0,, 8 PbO +4 PbO, Pb,O, 
Pb,,0,, 7 PbO +5 PbO, 
Pb,,0,, 6 PbO +6 PbO, Pb,O,. 


The first column gives the assumed molecular composition of the 
oxides; the second expresses it in terms of separate molecules of 
monoxide and peroxide as they would appear under analysis; and 
che third merely shows the simplest proportional composition. 
Most commercial minium comes somewhere between Pb,O, and 
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Pb,O,, prolonged roasting generally being required to bring it 
quite up to the latter proportions; but as samples are occasionally 
found to be still further oxidized, the series is extended to the 
sesquioxide Pb,O3. 

If it be that the fully formed or charged active materials in a 
lead storage cell are not Pb and PbO,, but Pb, and Pb,O,,, that 
is not merely to say that the molecules are of a complex nature, 
physically considered, but that x atoms of lead are the smallest or 
unit number participating in any chemical reaction that may 
occur, so long as they preserve their polymeric structure intact. 

On discharge, the molecules of lead at the negative electrode 
begin to combine with SO, from the electrolyte, not, however, 
breaking up into independent molecules of normal lead sulphate, 
PbSO,, round a nucleus of uncombined metal, but the molecules 
as a whole taking part in the combination, and, as the discharge 
proceeds, passing through a continually changing series of sub- 
sulphates, without any rupture of their molecular complexity. 

At the positive electrode, the reactions, though different, take 
place in an exactly similar manner. Oxygen is gradually ab- 
stracted and SO, substituted in its place, a sequence of compounds 
of sulphate and peroxide being produced. If it be assumed that 
there are twelve atoms of lead to the molecule, these two series of 
compounds may be represented as follows: 


Pbig Pb,2Oo4 

Phy (SO,) PbO (SO,) 

Ph,, (SO,), P3035 (S0,)2 
Phy, (804), Ph,2O,3 (SO,)s 
Pb, (S04), Ph2015 (S04), 
Pb,, (80,); Pb 2044 (S04); 
Pb, (SOq)g —- Pb,2012 (SO4)o 
Po (50))7 EB Ocak 
IPD. CeO). Pane oO). 


But neither of these series is continued until the active material 
is fully sulphated and reaches the composition Pb,,(SO,),., be- 
cause lead and lead peroxide both possess a very considerable 
electrical conductivity; but, on the other hand, pure lead sulphate 
is practically a non-conductor. The active materials must there- 
fore undergo a great change of resistance in the course of their 
sulphation, a change either spread more or less uniformly over the 
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whole discharge, or else occurring abruptly at some special stage. 
The latter appears to be what really happens, for we know that 
there is not much variation throughout the main portion of the 
discharge, but that the resistance begins to rise considerably 
towards the end, and whenever such a change of resistance takes 
place, it must necessarily terminate the discharge and bring about 
all the phenomena which do occur. 

Just as fast as the resistance of the active materials, and there- 
fore the internal resistance of the cell, rises, the potential differ- 
ence at its terminals will fall away, and by the time the internal 
resistance has become very large in proportion to that of the 
external circuit, the potential difference will be reduced practi- 
cally to zero. Or, to put it another way, just as fast as the resist- 
ance of the active materials rises, more and more of the electrical 
energy they would otherwise liberate is expended, so to speak, in 
their own molecules, until, when the rest of the resistances in 
circuit becomes relatively negligible, equilibrium is nearly estab- 
lished and the liberation of energy almost ceases. This is why it 
is impossible to push the discharge of a cell further, even by short- 
circuiting it; and yet on breaking circuit, 7.e., increasing the 
external resistance to infinity, the electro-motive force rapidly 
rises to nearly its original value. 

From experiments made with chemically reduced peroxide, there 
seems no doubt that the critical point for the positive active mate- 
rial is two-third sulphation, Pb,O,(SO,),, and a similar assumption, 
Pb,(SO,)., will also be adopted for the negative active material. 
That no more than half-sulphation is observed in practice results, 
no doubt, from the impossibility of uniformly discharging the 
active materials, especially in such types of electrodes as best 
lend themselves to analysis and output for weight calculations, 
and the above figure is probably a mean between a two-third 
sulphation close to the support, and a considerably less than one- 
half sulphation at points most distant from it. 

The aggregate result, then, of the chemical changes at each 
electrode during a complete discharge are expressed in their 
‘simplest terms in the following equations: 

At the negative 

3 Pb + 2 SO, = Pb;(S0,),. (7) 

At the positive 

3 PbO, + 2 H, + 2 H,SO, = Pb,O, (SO,), + 4 H,0. (8) 
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But when the active materials have attained to the above 
compositions, it needs only to augment the electro-motive force 
of the discharged cell ever so slightly from an outside source, and 
the point of equilibrium is passed; the active materials begin to 
absorb energy instead of liberating it, and incipient reversal com- 
mences. In fact, in primary battery language, the cell has polar- 
ized; but, unlike other cells, at both electrodes. 

If the applied electro-motive force is increased sufficiently to 
maintain a current through the cell — which it will do at some- 
thing between 1.5 and 2 volts — full reversal then setsin. At the 
negative, lead is directly peroxidized; and at the positive, peroxide 
is directly reduced to metal, the proportion of sulphate remaining 
constant throughout, and the two series of compounds through 
which the active materials may be presumed to pass are given 
below, commencing with the two last terms of the previous series, 
which represented their composition at the end of a complete dis- 
charge. 


Po, c0p, Pb,,0,(SO,), 
Pb,,0,(8O0,)s Pb,,0,(80,)s 
Pb,,0, (SO,) 6 Pb, 204(SO,) 8 
Pb,,04(SO,4)s Pb,,0, (SO,)s 
Pb,,03(SO,) 8 Ph, (SO,)s. 


In this way the composition of the two active materials is 
exactly transposed; and, as their complex molecular structure is 
maintained throughout the reversal, their electrical conductivity 
is never interrupted, but simply remains at the comparatively 
low value to which it had been reduced at the end of the discharge. 
The following equations give the sum of the reactions during a 
complete reversal in the simplest terms. 

At the negative 


Pb,(SO,), + 2 SO, + 2 H,O = Pb,0,(SO,), + 2 H,S0,. (9) 
At the positive 
Pb,0,(SO,), + 2 H, = Pb,(SO,), + 2 H,0. (10) 


As the net result of these reactions is nothing more than an‘ 
interchange of compounds between the anode and cathode, the cell 
neither furnishes an electro-motive force during this stage, nor 
should it, in theory, require one to be impressed on it to effect the 
reversal, for its potential energy is no greater at the end than at the 
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beginning of the process. The whole of the energy, therefore, 
that is expended during reversal is required to overcome the cell’s 
inertia, or, electrically considered, its internal resistance and 
polarization, and the whole of it is dissipated as heat in the cell 
itself. 

The reactions on recharge are, of course, exactly the same, 
whether they follow upon a reversal or, as is more usual, merely 
upon discharge, the difference being that the electro-motive force, 
direction of current flow, and composition of the active materials 
are reversed. In either case they consist in the abstraction of 
SO, from both active materials until they are brought back to 
lead and lead peroxide, just as they existed at the commencement 
of the discharge. The series of compounds through which this 
will be effected are similar to those of discharge, but now occurring 
in the converse order. 

From this it would appear that the white irreducible lead sul- 
phate is in reality an excess, which cannot combine with the active 
materials owing to their having already taken up as much lead 
sulphate as they can combine with. 


CHAPTER IV. 
THERMODYNAMIC THEORY OF THE LEAD CELL.* 


In this chapter the terms “ gram-molecule,” ‘ gram-molecular 
weight,’ “ formula-weight ’’ and ‘ gram-molecules per litre ”’ 
are used, which should here be defined. 

The gram-molecular weight of any compound is equal to the 
sum of the quantities found by multiplying the atomic weight f of 
each element in the compound by the number of atoms of that 
element which enter into the combination. Thus, water is made 
up of one atom of oxygen, having an atomic weight of 16, and two 
atoms of hydrogen, having an atomic weight of one. Gram- 
molecular weight = 1 X 16 + 2x 1 = 18. The gram molecular 
weight of sulphuric acid, which is H,SO,, is (2 xX 1) + (1 X 32) + 
(4 X 16) = 98. 

Formula weight is numerically the same as gram-molecular 
weight, but refers simply to atomic weights. 

A gram-molecule is one unit of gram-molecular weight, 7.e., a 
gram-molecule of H,SO, weighs 98 grams; a gram-molecule of 
water weighs 18 grams. Concentration of acid is often given in 
gram-molecules per litre. This means that the number of grams 
weight per litre is 98 times the gram-molecules, since each gram- 
molecule weighs 98 grams. 

The conversion formule for H,SO, are as follows: 


If G = grams weight of acid, 


Gm = gram-molecular weight or formula weight of acid. 


ae 
Gn = ag (11) 
G = Gm X 98 (12) 


* This chapter is only of scientific interest and its principal value is to 
confirm the Double Sulphate theory, Its perusal may be omitted by 


readers who are interested in the engineering features only of the storage 
battery. 


{ For atomic weights see table p. 5, col. 3. 
32 
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For mixtures of acid and water, in parts per litre, if Gw= 
weight of water in grams, 


Gw = 1000 — “Ss (approximately), (13) 
in which 1.842 is the specific gravity of H,SO,. 
G rot = per cent of water in the mixture. (14) 
G art = per cent of acid in the mixture. (15) 
Gw = 1909 ~ SU <8 (16) 


The following table gives the relations between percentage of 
H,SO,, the grams per litre, and the gram molecules. 


TABLE II. 
Per cent of Grams per 
H,SO,. litre. Se UE 
10% 106.9 1.09 
5 116 1) i less 
20 229 2.34 
25 296.5 ai (08 
30 367 3.74 
BO 443 4.52 
40 523 Ooo) 
50 700 Uf Aus 
60 903 8.85 


Bertholet has shown that the electro-motive force necessary to 
decompose a substance electrolytically, is proportional to the 
quantity of heat absorbed by the decomposition per gram- 
molecule (or other unit mass), of the substance, and, conversely, 
the electro-motive force produced by a voltaic couple is pro- 
portional to the quantity of heat released by the chemical reac- 
tions which take place in the cell. Unfortunately, the heat of 
formation of but few substances is known accurately, and there- 
fore most computations based on chemical thermo-dynamics are 
only close approximations. 

If J = quantity of heat expressed in calories, liberated by the 
combination of ‘a unit weight of either ion entering into the com- 
bination, and C = the electro-chemical equivalent of the ion, 
which is the number of grams of the ion set free per coulomb of 
electricity, then the heat liberated for C grams is CJ calories. 
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Since a calorie is equal to 3.1 foot pounds, or 4.24 volt-coulombs, 
the heat energy required to liberate C grams. is = 4.24 CJ volt- 
coulombs or Joules. 

In the case of hydrogen, the quantity set free per coulomb is 
4.24 X 0.00001038 J = 0.0000436 J. Call this quantity N. 

For any other substance, the quantity of heat liberated will be 
equal to NC calories, in which C is the electro-chemical equivalent 
of the substance, that of hydrogen being unity, as explained in 
Chapter I. 

If Q coulombs pass through the cell, the heat liberated will be 
NCQ volt coulombs and the total energy W = NCQ. This is 
also equal to QE, in which E is the electro-motive force required 
to send Q coulombs of electricity through the cell. 

Since QE = NCQ, E = NC. If the heats of formation of dif- 
ferent substances are known, E is easily calculable. The heat 
released, J, is the net energy set free, inclusive of all reactions that 
take place. 

There may be several different reactions and some of the com- 
pounds may be endothermic, while some are exothermic, therefore 
some of the reactions may give out heat energy, while other 
reactions will absorb heat. The net heat energy available which 
is transformed into electrical energy is the difference between the 
sum of all the heat units given out by the processes which liberate 
heat, minus the sum of the heat units absorbed by all the reactions 
which absorb heat. This simple thermo-dynamical relationship 
between heat and electrical energy does not cover all the conditions 
however. The electrolyte in the cell may absorb a certain amount 
of heat, which energy will be expended in a rise of temperature 
and lost in radiation, thereby reducing the electrical energy 
available from a given chemical combination. The converse of 
this condition may, also obtain and the electrical energy taken 
from a cell may be in excess of the heat energy of the chemical 
combination, in which case heat is abstracted from the medium 
surrounding the electrodes, and the cell temperature is lowered. 

An accurate mathematical relationship between the thermal and 
electrical quantities involved requires, therefore, the addition of 
another term to the equation which shall cover the temperature 
changes in the cell. 

The following analysis is due to Helmholtz. 

Total change of energy which accompanies a chemical reaction 
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is equal always to the heat liberated or absorbed by the reaction 
if carried on at constant temperature. That amount of heat of 
reaction which is changed into electrical energy is called the 
“free energy ” of the reaction. 
If Q = the total heat effect of a reaction, 
W = change in free energy, or the available work, 


T = absolute temperature of the cell, then, 
aW 
W = T—. i 
ie (17) 
aw 


is the temperature coefficient of the couple. 


If the heat effect be based on one gram equivalent of the react- 
ing element, W will be equal to that electrical energy correspond- 
ing to one gram equivalent of the substance which causes the 
reaction. 

Faraday found that 96,540 coulombs produce the reaction of 
one gram equivalent of monovalent chemical substances, and if 
E = electro-motive force accompanying the reaction, 


W = 96,540 x E, volt-coulombs. (18) 


Since one volt coulomb = 0.239 gram calories. 


W = E X 96,540 X 0.239 gram calories. 


W 
Whence 18, = 53073 
5 oa 9.7 
Since W=Q+T oh 
aw 
= Tal ae eee oe (19) 
23073 23073 dT 


The first right hand term of the equation indicates the “ heat 
effect of the reaction,” and is known as ‘‘Thomson’s Law,” while 
the second right hand term is the temperature coefficient of the 
cell, derived by Helmholtz. 


‘ oH . : 
The temperature coefficient, aT’ is the change in voltage, for 
a given couple, for each degree change in temperature, T being the 


absolute temperature which, for a room at ordinary temperature 
of 18 degrees C., is 273 + 18 = 291 degrees C. 
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The temperature coefficient of the lead cell varies with the 
electrolyte density, being zero at a density of 1.044 (at 15.5 
degrees C.) and having a positive value with electrolytes of 
higher density, while for densities below 1.044 the value is 
negative. 

For example, if the temperature coefficient of a cell is .0003 volt 
the amount to be added to the electro-motive force as deter- 
mined from the heat of formation to give the actual electro-motive 
force will be .0003 x 291 = 0.0873 volt, assuming a cell tem- 
perature of 291 degrees C. absolute. 

It has been found that at the ordinary electrolyte densities in 
practice, the temperature coefficient is negligible. 

Therefore for practical work 


et 
= ae volts. (20) 

It must be remembered, in computing the net total heat, Q, that 
in addition to the chemical reactions at the electrodes, heat is 
either released or absorbed in the electrolyte with increase or 
decrease in dilution. As is well known, the mixing of H,SO, and 
water is accompanied with the liberation of heat, and, conversely, 
a change in concentration from one density to a higher one, which 
is the equivalent of abstraction of water from the electrolyte, 
requires the absorption of heat, and therefore a decrease in tem- 
perature of the electrolyte results. 

The heat of formation of compounds is given in two different 
ways, depending on whether a unit of formula weight of the com- 
pound or the combining weight of the substances which would 
react with a single combining weight of hydrogen is adopted. The 
former the author considers the simpler, and it is more generally 
used, and it will therefore be adopted in this discussion. 

Obviously, the heat of formation of a substance depends on the 
form of the combining substances and the stages through which 
they have been carried from their elemental condition before the 
final combination takes place. 

Thus H,5O,, when made by the combination of the proper pro- 
portions of H, 8, and O, has a heat of formation of 192,930 calories 
per unit formula weight, 7.e., 2 molecules of hydrogen = 2 grams, 
one molecule of sulphur = 32 grams, and 2 molecules of oxygen = 
64 grams, making a total formula weight of 98 grams. 
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It is customary to show the character of the substances which 
combine to form a given compound by separating the chemical 
formula into divisions by commas. Thus H,SO,, made up from 
H, O, and §, would be written H,, 8, O,. 

If made up of H,, O, and SO, the formula is written H,, O, SO, 
while if made up of sulphur trioxide and water, it is written H,O, 
SO,. 

If H,SO, be made up of H,, O, and SO,, 7.e., 2 grams of H, 16 
grams of O, and 80 grams of SO,, written [H,,0,SO,] the heat of 
formation is less than 192,930 calories, because a portion of the 
combination had taken place before the final composition. The 
value in this case is 89,680 calories. 

Again, if it be made up of 18 grams of water and 80 grams of 
SO,, written [H,0,SO,], the heat of formation is less than that in 
the immediately preceding example by an amount equal to the 
heat of formation of water, because in making the compound the 
O and H are used which have been combined before the final com- 
bination is effected. 

The heat of formation of one formula weight, 7.e., 18 grams, 
of water is 68,360 calories. Deducting this from the 89,680 
calories as before given, the remainder is 21,320 calories, which 
is the heat of formation of 18 grams of water with 80 grams of 
SOP 

The symbol Aq denotes a comparatively large amount of water 
in a solution, the quantity being indefinite but not indefinitely 
great. For example, H,SO, Aq = 17,860 calories denotes the heat 
of mixture of one formula weight of acid (98 grams) with a com- 
paratively large quantity of water. 


Reverting to the formula, E = _Q_ , pak 


23073 or” 
for the moment the temperature coefficient of the equation, it 
appears that for a heat of formation of 23,073 calories, or in round 
numbers 23,000 calories, one volt will be produced. This also 
corresponds to the formula E = NC, in which N = 0.0000436, H = 


and neglecting 


ot C disappearing when equal to unity, as in the case of hydro- 
gen. These constants refer, however, to the heat formations of a 
unit quantity of the compound in which one gram equivalent of 
hydrogen is incorporated. Thus the heat of formation of water 
is 68,360 calories for 2 molecules of H and one of O, making the 
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formula weight 18 grams = 2 X 1 + 16. For the equivalent of 
a single molecule of H, both the formula weight and the heat of 
formation would be half this, or 9 grams and 34,180 calories respec- 
tively. If the heats of formation of formula weights are taken, 
the calories, per volt, will be double the previously given figures, 
or 46,000 calories, for the reason that oxygen is the element which 
is added to or taken from the compounds in a cell, and this being 
bi-valent, requires two molecules of hydrogen to combine with 
it and the amount of 23,000 calories per volt is based on a single 
gram equivalent of hydrogen. In reality, the general formula 
Q aK 
33073 XV aT 
in which V is the valency of the combining element, and since that 
of oxygen is 2, the formula for any cell (neglecting the tem- 


for the electro-motive force of a cell is E = 


perature coefficient) is E = arr or, in round numbers, 46,000 


calories produce one volt where the heats of formula weights are 
used. Of course either system will lead to the same result, it 
being merely a question of the unit adopted. 

Following are the heats of formation of various substances per 
unit formula weight. Note carefully the location of the commas, 
which show the state of the substances combining. 


TABLE III. 


H,, O = 68,360 calories. 
Bere Ona 92, 0305 
Ho .O, SO, = 89,680" 5" 
H,, 5O, = 89,680: “ 
HAO ses 21320 
Pb, SO, =-112.970, “ 
Pb, O, = 62,300 “ 


The heats of dilution of the acid with the water have been 
determined by Thomsen and are given by the formula: 


aX b 


ee EEA 
bet ee ey 


Calories = 


in which, a = gram-molecules of acid in the mixture and b = 
gram-molecules of water. 
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The curve shown in Fig. 2 gives the heat of dilution for vari- 
ous percentages of water by weight with one gram-molecule of 
acid. The actual weight of H,SO, is 1.842 times that of water. 
The formula weight, however, of H,SO, is 5.45 times that of water, 
the formula weight of water being 18 and of acid 98. Obviously, 
to make a 50% mixture, by weight, to 98 grams of acid, there must 
be 98 grams of water, which according to formula weights means 
5.45 parts of water to one of acid. 


Heat Evolved in Calories 


LOOT S90 80 70) 16050) 4085 50520 105 0 
Degree of Dilution, by Weight, in % of HySO,4 


Tic. 2. Heat of Dilution of H2S8O,. 


In order to make the curve available for formula or gram- 
molecular weight computations, a few points are marked on the 
curve giving the number of parts of water to one part of acid by 
formula weight. 

To reduce percentages of mixtures by actual weight to parts 
of water, gram-molecular weight per gram-molecular weight of acid, 
divide the percentage of water by the percentage of acid and 
multiply the quotient by 5.45. The result will be parts of water 
per part of acid in gram-molecular weights. 

For example, in ordinary electrolyte there are usually about 
27% acid and 73% water. 

This corresponds to 3} X 5.45 = 14.75 parts of water to one 
part of acid referred to gram-molecular weights. 

Having these data it now becomes possible to compute the 
electro-motive force of a lead cell. 


40 STORAGE BATTERY ENGINEERING 


2. PbSO, + 2:H,0 = Pb + PbO, +2 H580;, 

2 Pb,SO, +2 H,,0 — Pb — Pb,O, —2 H,,SO,= calories liberated. 

Pb,SO,= 112,970 calories: 2 Pb,SO, = 225,940 calories. 
H,,0 = 68,360 calories; 2 H,,0 = 136,720 calories. 

Pb,O, = 62,300 calories. 

H,,SO,= 89,680 calories; 2 H,,SO, = 179,360 calories. 


_ Adding the positive quantities together their sum is 225,940 + 
136,720 = 362,660 calories, and the sum of the negative quantities 
is 62,300 + 179,360 = 241,660 calories. Deducting the negative 
sum from the positive, the net heat of formation is 121,000 calories. 
1 eal) 2.63 volts, which is the potential for electrodes 
46000 

immersed in pure acid, the temperature coefficient being neglected. 
The usual electrolyte, however, contains about 27% acid, by 
weight. 

From the curve Fig. 2, the heat of dilution for this ratio of acid 
to water is 16,000 calories per unit of acid, which must be deducted 
from the value above computed. Since there are two molecules 
of acid, the net calories will be 121,000 — 2 (16,000) = 89,000 
89000 
46000 
active material being in its pure state, unmixed with sulphate. 
Wade shows that another factor enters into the problem, namely, 
the additional heat of dilution, due to the fact that 2 * 14.75 or 
29.5 molecules of water in solution in the electrolyte have been 
set free by the absorption of 2 molecules of H,SO, and an addi- 
tional 2 molecules of water again released by the chemical combi- 
nation of 2 molecules of SO,, leaving behind the 2 molecules of 
ISAOF 

This makes a total of 31 molecules of water which are released 
to further dilute the acid and cause a corresponding production of 
energy which will go into the form of electrical energy. Wade 
computes an approximate additional heat of dilution from this 
small quantity of water as 2,000 calories, on the assumption of a 
large quantity of electrolyte which has its density changed but 
little by this additional dilution. 

2,000 calories = 0.043 volt, which added to the previously com- 
puted 1.935 makes a total of 1.978 volts. 

Another corrective factor is the temperature coefficient. For 


calories. = 1.935 volts. This assumes, of course, all the 
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the acid concentration of 27% of acid to 73% of water, the tem- 
perature coefficient, a is 0.0003 volt per degree C. 

At normal room temperature of 291 degrees C. (absolute) the 
voltage due to the temperature coefficient is 0.0003 x 291 = 
0.0873 volt. The actual computed electro-motive force is there- 
fore 1.978 + 0.0873 = 2.0653 volts. 

The temperature coefficient has been the subject of considerable 
investigation by Streintz. The results of his researches are given 
in the accompanying formula, table and curve. 

The formula for the value of the temperature coefficient is: 


“ = (357 X 10) — 0.64 X (E — 1.998)? (22) 


The measurements made by Streintz are given in Table IV. 


TABLE IV. 
VALUES OF: TEMPERATURE COEFFICIENT X 10°, 


OE OE 
E (observed). |10° ae (observed) |10* —(calculated). 


aT 
1,9223 140 Ane 
1,9828 228 213 
1,9860 274 265 
1,9920 333 335 
2,0031 335 341 
2,0072 312 305 
2,0084 285 293 
2,0090 279 280 
2,0105 255 265 
2,0779 10 we eae oe - 
2,2070 73 ele es 


Onis ' 
For actual values of aT divide by 10°. 


In the first column are the values of the observed electro-motive 
force, the second column shows the observed temperature coeff- 
cients, while the third column shows the temperature coefficient as 
calculated from the formula. It is, of course, understood that the 
different electro-motive forces tabled in the first column are for 
different densities of electrolyte. 

All observations were made at a temperature of 10 degrees C. 
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The curve, Fig. 3, shows the variation in temperature coefficient 
for varying electrolyte densities. As may be seen, the coefficient 
at a density of 1.044 (= 6.5% acid) is zero. Above this density 
its value rises rapidly until it reaches a maximum of 0.000341 
volt per degree C. at a density of 1.160, after which it begins to 


decrease slowly with the density. 
Per Cent Acid 


9.4 18 25.5 32.5% 40 
aE 
ay, 
Millivoit iL lea 
+0.5 = 
ft Sapo Ee eal 
-0.0 
=a Teel fim | 1 
" i 
| ja La] 
al |_| 
kWe wel 
—1.0 | 
0 1 2 8 4 5 6 


Gram-molecules of Acid per litre 


Fic. 3. Temperature Coefficients for Various Electrolyte Densities. 


Below the density of 1.044, the temperature coefficient increases 
from zero rapidly but in a negative direction. This means that at 
electrolyte densities less than 1.044 the voltage of a cell decreases 
with increase of temperature, while with densities above 1.044 the 
electro-motive force increases with increase of temperature. 

In practical work, however, the density is universally above the 
ak 


neutral value of 1.044 and hence T 


is additive. A positive 


temperature coefficient means that a cell heats during charge by an 
amount greater than the I’R loss would produce, an additional 
amount of heat being released, while on discharge the cell does 
not heat as rapidly as would normally result from the I°R loss, 
there being a counter cooling effeet which, in some cases, over 
counterbalances the IR heating and actually produces a reduc- 
tion in temperature of the cell while current flows through it. 
This phenomenon was first investigated by Dr. Louis Duncan 
and H. Wiegand, in 1889. * 


* Transactions A. I. E. E., 1889, 
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The temperature coefficient may be computed from the general 

equation of Helmholtz: 
hee +T os 

23073 aT 
7 eee ee 
23073 are 2 

For very dilute acids, 

E = 1.92 + 0.15 log C, volts, in which C = concentration of the 
electrolyte in gram-molecules per litre. 
oS Q 
Cineel ee 3230734 1 
the value of the temperature coefficient at 18 degrees C. or 291 
degrees C. absolute will be: 


Since 


EF _192+015log0 = Q_ 
aT 291 23073 X 201 
which reduces to 
3E _ 0.000517 log C + 0.00584 — © volta per degree 
ar 6710000 , 


or 


a 0.517 log C + @ 84 — at millivolts per degree. 


The portion of the right-hand term of the equation in paren- 
thesis is a constant, independent of the concentration. The 
equation may therefore be written: 

a 0.517 log C + (Constant), millivolts per degree. 

These equations hold for values of C not below 0.0005 nor above 
0.1 gram-molecules of acid per litre, the latter figure correspond- 
ing to a density of 1.007, showing that these one apply only 
to extremely dilute polarons: 


CHAPTER V. 


THE QUANTITY AND DISTRIBUTION OF ACTIVE 
MATERIAL. 


Tue weight of peroxide or sponge lead necessary for a given 
output depends on 


(1) The disposition of the active material. 

(2) Its density. 

(3) Its thickness. 

(4) The rate of discharge or current density per unit area of the 
electrolyte between the plates. 


The theoretical weight of metallic lead required on either 
element to form sufficient active material for one ampere hour of 
discharge is 3.86 grams = .135 ounces avoirdupois, which will 
weigh .156 ounces when converted into peroxide. This theo- 
retical quantity is calculated from the fundamental equation 
Pb + PbO, + 2 H,SO, = 2 PbSO, + 2H,O. In practice, how- 
ever, the weight of active material per element is from 3 to 6 times 
the theoretical, for the reason that it is impossible to reduce all 
the active material or cause every particle to be penetrated by the 
current. Experiments of Fitz-Gerald, Reckenzaun and Sellon 
show that from .50 to .80 ounce of spongy lead is required per 
ampere hour, and from .53 to .86 ounce of metallic lead converted 
into peroxide for the same capacity. Fitz-Gerald states that the 
latter figure is required only when the contact between conducting 
grid and material is defective. As a matter of fact, when certain 
portions of the peroxide or sponge lead are not in contact with the 
grid, those portions become inactive and should no longer be 
classed as active material. If sections of the layer should be 
removed at those spots where it had lost contact, the capacity 
of the plate would be practically unchanged and the weight of the 
active material decreased. Any figure, therefore, based on 
defective contact, is erroneous, as it leads to infinity as a limit 


when the contact is totally eliminated. 
44 
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Wade gives a table of outputs of pasted electrodes as follows: 


TABLE V. 


Ratio of active material to 
support. Ampere hours output of electrode. 

By weight. By volume. Per lb. Per kilo. Per cu. in. Per cu. cm. 
1 to 4 I to 2 6.0 13 2.0 0.110 
tr Rey tou 10.0 22 3.0 OetG5 
i cout 2 to 1 15.0 33 4.0 0.220 
14 tol 3 tol 18.0 40 4.5 0.250 
2 tol 4tol 20.0 44 4.8 0.265 
24 tol 5 tol 21.0 47 5.0 0.277 
3) etorl 6 to 1 22.0 50 Sa) 0.286 
Amato 8 tol 23.5 52 5.4 0.300 


The capacity obtainable from a given amount of active material 
is stated, by one authority, to be about 30 ampere hours per 
pound, which is in (approximate) accordance with the figures in 
the above table. 

Fitz-Gerald gives the following practical rule for weight of active 
material per ampere hour for each of a pair of plates: 


TABLE VI. 
Long discharge, 8to 10 hours............. .53 oz. avoir. 
Moderate ‘“ De Oia HEME oe OO mcceeres 
Quick iS BS er eect. ct Se Ora mame 
Highirate ~~ OS Bie Te Sale eente tur aitcshi OON eas 
High rate “ ck Mek he eects ol 00: aS 


All the weights given by the three above cited authorities are for 
discharges, which at the 8 hour rate end when the voltage falls 
to 1.80 and at the higher rates end at about 1.70 volts. 

Fitz-Gerald explains the necessity of increasing the amount of 
active material with increase of discharge rate, by the fact that a 
battery, having a given weight of active material on the plates, will 
deliver fewer ampere hours at high rates than at low rates of dis- 
charge, and therefore an increase of active material is required 
for high rates if the capacity is to remain constant. 

With this theory the author cannot agree, as decreasing capacity 
at high discharge rates is caused by several factors which are 
related to current density, exposed surface and electrolyte cireu- 
lation rather than to the absolute quantities of peroxide and lead 


sponge present. 
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On rapid discharge, the inability of the acid to circulate from the 
surrounding liquid to the inside of the pores soon brings down the 
voltage to the minimum allowable value before the normal capa- 
city has been expended. Also the loss from internal resistance is 
increased. 

As is well known, a battery which has been rapidly discharged 
has extraordinary recuperative power. If it be allowed to stand 
a short time a further discharge may be taken from it which will 
be greatly in excess of the recuperative discharge if the cell be 
first discharged at a low rate. 

These considerations lead to the conclusion that the increas- 
ing of active material without increasing the area over which it 
extends would in no wise produce a proper plate for rapid dis- 
charges, for it would increase the thickness of the active material, 
while a thin layer is most suitable for rapid discharge rates. The 
same quantity of active material spread over a greater surface 
would be more nearly in accordance with the requirements of the 
case. 

Sieg, Jumau and others have made experiments to determine 
the influence of the thickness of the layer of active material on 
the capacity, per unit weight, under varying rates of discharge. 
As will be seen later, the initial density of the electrolyte is also 
a modifying factor and this does not appear to have been con- 
sidered in these researches. The net results indicate conclusively 
that the capacity per unit weight of active material falls off 
with the increase in thickness of the layer, and the higher the rate 
of discharge, the greater is this diminution. At very low rates 
the capacity per gram of active material decreases but little with 
an increase in its thickness, but at normal and high rates the 
decrease is very great. 

The author considers jy to =, of an inch the best thickness 
for active material when pasted on grids and subjected to 4 to 6 
hour discharge rates. This thickness means of course the dis- 
tance from the surface of the active material to the supporting and 
conducting grid. 

It is of interest here to note the ratios of the weight of active 
material to weight of elements in the various types of batteries 
on the market. 

The capacity per pound weight of elements is from 2.5 to 4 
ampere hours in station batteries and from 4 to 6.5 ampere hours 
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for traction cells. Allowing for pasted plates .56 ounce weight of 
lead converted into active material and an increase in weight of 
15.5 per cent when changed into active material, this would make 
56 X 1.155 = .644 ounce, active material per ampere hour on 
each plate which for both plates = 1.288 or say 1.3 oz. = .08125 
pounds active material total in the battery per ampere hour. 

Assuming 2.5 ampere hours per pound of element, there would 
be .08125 x 2.5 = .221 pounds active material per pound of 
element, or 22% of the total weight would be active material. 
Similarly, in a cell delivering 4 ampere hours per pound of ele- 
ment, the percentage of active material is 32.5% and in one 
delivering 6.5 ampere hours per pound, the percentage is 52.8%. 

The weight of active material on Planté plates is about 25% 
less than these amounts for low rates and 40% less for high 
rates. The durability of electrodes will be greater the less the 
capacity per pound weight. Where the capacity per pound of 
cell is high, the layer of active material must be very thick, the 
quantity of electrolyte small and its density high. These two 
latter conditions are detrimental, as will be presently shown. 

Of course, the greater the weight per ampere hour of capacity 
the greater is the cost of the battery and therefore battery dura- 
bility must be paid for. 

A given weight of metallic lead will form 1.155 times its weight 
of lead peroxide or will increase 15.5%. Conversely to produce 
a given weight of peroxide .866 times or 86.6% of the given 
weight of metallic lead is required. 

PbO.) .866 =. Pb 
Pb X 1.155 = PbO,,. 


Similarly the relations between lead oxide (itharge) and 


metallic lead are 
Pb < 1.075 = PbO 


PhO <2.93 =: Pb 
and between red lead (minium) and metallic lead 
Pb,O, X .906 = Pb 
Px 1104 = PbO, 
For weight of lead peroxide reduced to litharge or the con- 
verse, the following will be the relation: 
PbO, X .937 = PbO 
PbO, x)1.067 = PbO,. 
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If lead peroxide be converted into lead sulphate or vice-versa, 
the changes in weight become 
PbO, X 1.275 = PbSO, 
PbSO, X .785 = PbO,. 


The volumetric relationships cannot be given, as these vary 
with the molecular structure of the substances. Wade gives as 
the weight of active materials from 2 to 4 ounces per cubic inch, 
varying with the degree of compression and density. 

Lead peroxide has usually a weight of 3.25 ounces avoirdupois 
per cubic inch, which is just one-half the weight of lead, the latter 
having a weight of 6.5 ounces per cubic inch. 

Following is a table of ordinary densities of lead and its principal 


compounds. 
TABLE VII. 


Substance. Symbol. Sp. grav. 


Lead uae ae 


Red lead. 
Litharge.. 


Peroxide hydrated _ 


anhydrous 


Weadrsulp haters ate 


Pb 
PbO; 
PbO 


PbO, 
PbSOs 


As has been indicated and will be more fully discussed later, 
it is important that the active material be of a porous character 
so that the electrolyte may easily penetrate to every particle of 
the substances on the electrodes and the diffusion of acid into and 
out from the pores be as easy and rapid as possible. There are 
methods of artificially augmenting the porosity which are set 
forth in those chapters treating of the formation and production 
of storage cells. 

The resistance of active materials is low. That of sponge lead 
is substantially the same as metallic lead, increased somewhat 
by its porosity. The resistance of PbO, is considerably higher. 
Shields has found that PbO, compressed and dried at 100 degrees C. 
has a resistance of about 0.5 ohms per cubic centimeter, which is 
six times the resistance of electrolyte at normal working densities. 
When hydrated, chemically cohesed and saturated with electrolyte, 
its resistance must be far lower than the above amount and 
probably more nearly approximates 0.1 ohm per cubic centimeter. 


CHAP TEV: 
THE ELECTROLYTE. 


Tue electrolyte must be of sulphuric acid made from sulphur. 
Acid made from pyrites should never be used as it contains in- 
jurious substances. 

It should be diluted with sufficient pure, distilled water to bring 
to the required density, the acid in every instance being poured 
into the water, and never the water into the acid. The reason of 
this is that on dilution a chemical combination is formed and not 
a mere mechanical mixture, and heat being liberated, the liquid 
becomes hot. (See Chapter III.) If the water be poured into 
the acid, the chemical combination between the larger quantity of 
concentrated acid is more rapid than if the reverse method be pur- 
sued and the acid be poured into the water. 

It has become customary for sulphuric acid manufacturers to 
produce a low concentration acid, especially for electrolyte, and 
they claim that this is superior to that made by mixing in small 
quantities at the point of using. That it is more convenient, more 
likely to be of exactly the proper density, and carefully prepared 
is obvious, but electrolyte mixed on the spot is often cheaper, both 
as to original cost and transportation, the weight being over three 
times as great for the dilute electrolyte as for an equivalent 
quantity of concentrated acid. 

The vessel in which the mixing is done should be of glass, 
glazed earthenware or lead, and the liquid should be stirred with 
a clean wooden stick, the acid being added to the water slowly. 
The mixture must be allowed to cool before pouring into the cells. 

After cooling, the specific gravity will be found greater than 
while hot, and the careful addition of a little water may be neces- 
sary to bring the liquid to a proper density. 

The amount of dilution or specific gravity of electrolyte, when 
the batteries are fully charged, should be about 1.190 to 1.225 at 
60 degrees F. for power station cells, though in motor car batteries 


densities of from 1.270 to 1.300 are often used. 
49 
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The abstraction of the SO, on discharge which combines with 
the lead oxide to form lead sulphate, causes a gradual diminut-on 
of the specific gravity of the liquid by a definite amount, as has 
been shown. 

The final density on discharge should not fall below 1.150, and 
1.170 to 1.195 is usual practice. 

The density of the electrolyte has an important bearing on the 
operation of the battery. If it be too high, excessive sulphation 
is facilitated and the plates are liable to rapid depreciation. The 
electro-motive force of a battery, however, varies with the density 
of electrolyte, as will be later shown. (See Chapter VII.) 

The resistance of dilute H,SO, is least at a density of from 1.224 
to 1.240, rising if the gravity be either increased or decreased. 


= oO & 3 o Ohms 


" Resistance of 1 Gu. Cm. of Electrolyte 


0 10% 20% 30% 40% 50% 60% 10% 80% 
Percentage of 1.842 Acid in Mixture by Weight 


Fic. 4. Variation in Electrolyte Resistance with Density at 60 deg. F. 


Figure 4 is a curve of variation of electrolyte resistance with 
density, and Fig. 5 gives also the resistance at various densities 
and four different temperatures, but shows only the working 
portions of the curves. These curves show that the temperature 
coefficient is negative, the resistance decreasing with increase of 
temperature. 

The electrolyte should be free from chlorine, nitrates, acetates, 
organic substances, iron, copper, arsenic, mercury and the slightest 
trace of platinum. Mercury alone has no injurious effect unless 
it be present in sufficient quantity to amalgamate the plates, but 
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in combination with another metal may cause local action, as 
explained in Chapter X. 

Heinz gives the following as the Hane: values of the per- 
centages of iron, chlorine and nitrogen allowable in good electro- 
lyte, concentrated acid being 100%; iron, .01%; chlorine, .002%; 
nitrogen, in any form, as ammonia, nitric acid, etc., .01%. 

The electrolyte should be tested for impurities before putting 
into batteries and also, occasionally after being in use. 

If no objectionable elements are revealed on the first tests, and 
later nitrogen, chlorine or acetate is found, it may be assumed 
that the acids used in formation were not thoroughly removed. 

The following tests are sufficient for the determination of the 
suitability of the acid or electrolyte for battery purposes: 


Platinum. 

A chemical test for traces of platinum is so complicated and 
difficult as to make it practically impossible for anyone but an 
experienced chemist to carry it through, and if the electrolyte be 
suspected, a sample should be analyzed by some one having the 
necessary skill and appliances. 

A good rough test for traces of platinum is to pour the electro- 
lyte into a cell in which the regular battery plates are immersed. 
If gassing takes place for some time on open circuit, it is an indica- 
tion of the presence of platinum. 

Since the smallest trace will cause discharge of the negative 
electrodes, and the higher grades of acid are often refined in plati- 
num stills, great care must be used to procure electrolyte which is 
free from it. 


Tron. 

Take a sample of dilute acid — about one part of acid to two 
of water — and neutralize with ammonia or caustic potash solution. 
Then boil with hydrogen peroxide or a few drops of nitric acid, 
using a quantity of about one-thirtieth the amount of the solution 
being tested. All iron present is changed into the ferric state. 
Take now a sample of the liquid and put into a test tube. Add 
ammonia or caustic potash solution until the mixture becomes 
alkaline. If there is much iron present a brownish red precipitate 
will form on making the liquid alkaline. 

A second test should be made for traces of iron, which is done 
by taking a second sample of the liquid which has been neutralized 
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and boiled with hydrogen peroxide, and adding a few drops of red 
prussiate of potassium, (KCNS). If any traces of iron are 
present the liquid will turn red. This is a very delicate test. 


Chlorine. 

To the dilute acid, add a few drops of nitrate of silver solution 
made by dissolving 20 grams of silver nitrate in 1000 cu. cms. of 
distilled water. If chlorine is present, as chlorides, the solution 
will turn white, owing to the formation of a precipitate of silver 
chloride. 

This precipitate is milky when only a small percentage of 
chlorides is present, and curdy when there is a considerable quan- 
tity of these impurities in the liquid. The precipitate may be 
re-dissolved by adding enough ammonia to neutralize the liquid, 
after which it may again be precipitated by the addition of a few 
drops of nitric acid. An excess of silver nitrate will cause the 
formation of a granular white precipitate which falls to the bottom 
of the test tube. This is no indication of any impurity but is 
simply a precipitate from the silver nitrate itself. 


Nitrates. (a) i 

1. Put 25 cu. cms. of 50% dilute acid in a test 
tube, and add 10 grams of strong ferrous sulphate 
solution freshly prepared by dissolving crystals in gum “5 
cold water. Carefully pour down side of a test tube 
10 cu. ems. of chemically pure, concentrated sul- 
phurie acid. 

If nitric acid be present, it will be indicated by 
a stratum of a brown color which will form between 
the solution and the concentrated acid. The depth 
of the color will indicate the relative proportion of 
nitric acid present. If dilute electrolytes are being 
tested, enough concentrated sulphuric acid should 
be added to make the dilution approximately 50%. 
All liquids used must be cool. This is not a delicate 
test; a better one is as follows: 

2. If the electrolyte be first tested for chlorine 
and found free of it, place some chemically pure Fic. 6. 
copper filings in a test tube and pour in the electro- 7° for Nitrates. 
lyte to be tested. Close with a stopper through which is passed 
a glass tube having a double bend, as shown in Figure 6. 
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Solution of ferrous sulphate is poured into the bend of the tube 
as indicated at ‘“ B.” 

On heating the tube over a bunsen flame, the nitrate vapors will 
attempt to pass out of the tube, but will be absorbed by the 
ferrous-sulphate, which latter will turn to a blackish brown. 


Copper. 

Ammonia solution added to the electrolyte produces a bluish- 
white precipitate if there is any copper present. When an excess 
of ammonia is added and the liquid becomes alkaline, the pre- 
cipitate disappears and the liquid becomes a dark blue color. 
This is a delicate test, and will show the presence of 0.002% of 
copper. 

A more delicate test is to add a few drops of potassium ferro- 
cyanide to the electrolyte under test. A reddish brown color 
indicates traces —down to 0.0001%—of copper. The deeper 
the color the greater is the amount of copper in the solution. 
A reddish brown precipitate indicates a considerable amount of 
copper. 


Mercury. 

The presence of mercury in the electrolyte is indicated by 
a black precipitate when lime water is added, or by an olive green 
precipitate if solution of potassium iodide be added. 


Arsenic. 

There are several tests for arsenic. (1) Reinisch’s test is one of 
the simplest and consists in diluting a small amount of the acid 
to be tested with about 80% distilled water then adding from 
one-eighth to one-tenth its volume of concentrated hydrochloric 
acid. Take a small piece of copper wire cleaned bright with sand- 
paper, roll it up so that it can be dropped into the test solution, 
then boil for 15 minutes. If arsenic is present, the copper wire is 
turned black or brown. If the wire remains bright there is no 
arsenic in the solution. 


2. Another test is as follows: 

Pass sulphuretted hydrogen (H,S) through a warm, dilute solu- 
tion of electrolyte. If a yellow precipitate forms, it is probably. 
arsenic, but may be sulphur, caused by oxidation of H,S by ferric 
salts or nitrates. Take two test tubes and put a portion of the 
yellow liquid in each. Add to one ammonium sulphide, to the 
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other ammonium carbonate. If the yellow precipitate is an arsenic 
compound, it will be dissolved by the ammonium sulphide, but 
not by ammonium carbonate. 


Acetic Acid. 

Add ammonia to solution until it becomes neutral; then add 
ferric chloride (Fe,Cl,). If the solution turns red, and is afterward 
bleached by the addition of hydrochloric acid there is acetic acid 
present. 


Organic Matter. An accurate test for organic substances can 
only be carried out by a trained chemist. A good rough test is 
to boil some of the electrolyte in a clean beaker, until the acid 
becomes concentrated and begins to give off white fumes. If the 
liquid becomes discolored, the presence of organic matter of some 
kind is indicated. 


The foregoing tests are given in the order of their importance. 
If the first four tests indicate freedom from platinum, iron, chlorine 
and nitrates, it is reasonably safe to assume that the electrolyte is 
suitable for use and the others may be omitted, though it is better 
to make all the tests indicated. Care must be used to avoid 
introducing any of the impurities tested for by the use of impure 
water or chemicals. 

Plate I shows a set of curves and co-ordinates by means of which 
the density of mixtures for any given percentage of acid, up to 
40 %, may be determined, for any temperature between 32° and 
120° Fahrenheit. Conversely, the percentage of acid in a mixture 
of given density and temperature may be found, as may also the 
change of density of any mixture with change of temperature. 

1. To find the density of liquid having a given percentage of 
acid: Read off the percentage on the vertical scale at the left of 
the upper half of the sheet. Follow horizontally over to the 
intersection of the horizontal line with the curve representing the 
density of the acid entering into the mixture. From the intersec- 
tion thus found, follow vertically down to the horizontal scale 
marked “specific gravity,’’ where the density will be shown for a 
temperature of 60° F. or 15.5°C. 

As an example, find the specific gravity of a mixture containing 
364% of 1.835 acid at 60° F. Starting at point a follow horizon- 
tally to point b, as indicated by the dotted line ab, the point b being 
the intersection of the horizontal with the curve of 1.835 acid. 
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From point b follow vertically to the base line, the vertical cutting 
the base line at point c, which gives a value of 1.269 for the density. 
If the temperature of the mixture is above or below 60°, follow 
the vertical line down past the horizontal scale until it intersects 
the diagonal line on which is marked the required temperature. 
This gives a second intersection from which a horizontal line must 
be followed, toward the left, until it crosses the vertical scale on 
which densities are marked. The intersection of this horizontal 
with the vertical scale shows the density of the mixture for the 
given percentage of acid and temperature. 
Examples. 

1. What is specific gravity of mixture containing 32% of 1.835 
acid at 90° F.? Ans. 1.224. 

This is found by starting at point d, on line of percentage, and 
following horizontally to the curve of 1.835 acid, the intersection 
being at point e. From e, go vertically down, past the base line 
to the diagonal on which is marked the temperature 90°. The 
intersection of the vertical with this diagonal is at point f. Thence 
horizontally to the lower vertical line of specific gravities on the 
left, the point g is found which shows the gravity to be 1.224. 

It is here to be noted that commercial acid is 1.835 specific 
gravity, and this should be the curve used for practical mixing. 
H,SO,, however, is 1.842 specific gravity, and this curve should 
be always used to determine percentages and densities for electro- 
chemical calculations. 

2. To find percentages of acid in solutions of given density and 
temperature: 

Read the given density on the one of the lower vertical scales on 
which this density is found. Follow horizontally to the right until 
the horizontal intersects the diagonal line of the given temperature. 
Take a vertical from this point upwards until the curve is inter- 
sected. Follow a horizontal from the last intersection, over to 
upper vertical scale on the left. The point thus located gives the 
percentage of acid (1.835 or 1.842 according to the curve used) 
required to produce the given density at the specified temperature. 

This operation is simply the converse of the preceding one. 

3. To find change of density with change of temperature: 

Locate given density on one of the lower vertical scales. Follow 
horizontally to intersection with diagonal line of given tempera- 
ture. From this intersection follow vertically up or down (accord- 
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ing to whether the temperature at which the density is to be 
found is higher or lower than observed temperature) to the inter- 
section of vertical with the diagonal line of temperature at which 
the density is required. From the intersection thus found, follow 
back horizontally towards the left to scale on which the first 
reading was taken. The point located by the intersection of the 
last horizontal and the vertical scale will show the density at the 
changed temperature. 

As an example, what is the density of an electrolyte at 40° 
which shows a specific gravity of 1.250 at 100°? Starting at point 
h on left-hand lower vertical, corresponding to 1.250 specific 
gravity, go horizontally to the right until diagonal of 100° is 
reached at point k. Move vertically —in this case downward — 
until the diagonal of 40° is intersected at m. Thence go horizon- 
tally back to the vertical on which is marked specific gravities and 
the point n is located, which shows a density of 1.267. 

When temperature values other than those given by the 
diagonals are required, imaginary lines must be interpolated at 
some distance between the two diagonals having the next values 
above and below the required temperature. Thus 85° would 
require a line, or points of intersection, to be located halfway 
between the 80° and 90° diagonals. 

Sulphuric acid tables giving weights, percentages, and specific 
gravities of varying mixtures of sulphuric acid and water are 
given at the end of this chapter. 

It has been found, experimentally, that when nitric acid is 
present in a cell and accompanied by metallic impurities, the 
electrolyte becomes much warmer on charge than the normal 
heat rise, and instances have been known where this increase in 
temperature has been so great as to crack glass containing jars. 

This abnormal temperature increase is obviously due to certain 
secondary chemical reactions which take place in the cell. 

Excessive heating therefore indicates either a high internal 
resistance due to sulphate or impurities in the electrolyte. It 
must not be assumed, however, that all impurities will cause a 
noticeable rise of temperature. 

The quantity of electrolyte necessary for a given cell depends 
on its ampere-hour discharge, the initial density of the electrolyte, 
and the terminal density at the end of discharge. This is com- 
puted as follows: 
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From the fundamental equation, 
Pb + PbO, + 2H,SO, = 2 PbSO, + 2H,0, 


it is obvious that for each unit of current which is discharged, two 
electro-chemical equivalents of H,SO, must be decomposed, and 
since the ampere hour equivalent of H,SO, is 1.826 grams, twice 
this, or 3.652 grams (= 0.129 oz. avoir.), are decomposed for each 
ampere hour of discharge. The molecular weight of H,SO, 
is 98, while that of water is 18, and assuming that H,SO, is 
made up of SO, + H,O, the proportion of water in H,SO, 
is 18/98 = 0.1837. Therefore in one ounce of H,SO, there is 
0.1837 oz. of water. 

For each ampere hour of battery discharge, there is decomposed 
0.129 oz. of H,SO,, of which 0.8163 parts are SO,; that is, 0.129 X 
0.8163 = 0.1053 oz. of SO, are abstracted from the electrolyte 
for each ampere hour of battery discharge, leaving behind the 
original water of dilution in the electrolyte and also that released 
from the H,SO,, which latter amount is 0.129 — 0.1053 = 0.0237 
oz. From these data, the change in electrolyte density can easily 
be computed. 

The author has devised a simple formula for calculating the 
quantity of electrolyte required, which is as follows: 

Let S = ampere hours discharge; 

“x = quantity of electrolyte required, in ounces avoir.; 
“ D=per cent. of H,SO, in electrolyte at beginning of dis- 
charge; 
d = per cent. of H,SO, in electrolyte at end of discharge; 


(a3 


Then Dx = weight of H,SO, in electrolyte at beginning of dis- 
charge, and x — Dx = weight of water in electrolyte. 
At end of discharge, the amount of water in electrolyte is 


x — Dx + 0.02378 (24) 
The amount of electrolyte remaining is x — 0.1053 S (25) 
and the amount of H,SO, is d (x — 0.1053 8) (26) 


Also from (25) and (26), the weight of water in the electrolyte 
at end of discharge is 
(x — 0.1053 8) — d (x — 0.1053 S). (27) 
Equating (24) and (27) and solving, 
Say S (0.129 — 0.1053 d) | 


Dee Cs) 
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Taking S as 100 ampere hours, (28) becomes 
129 = 0mSsid F 
D-d 
If D and d are to be taken as whole numbers and not as decimal 
quantities, (29) becomes 


(29) 


_ 1290 — 10.53d_ 
D—d 


For any discharge other than 100 ampere hours, the product 
of the actual discharge and the value of x as computed, divided 
by 100, will give the desired quantity of electrolyte. 

In Plate II is shown a series of curves designed by the author 
for the use of a battery manufacturing company, and which give 
the relations between the ampere hours discharge; the initial 
density of electrolyte when battery is fully charged; the terminal 
density of electrolyte at any period of discharge, and the quantity 
of electrolyte in the cell. 


(30) 


Call Ampere: OUTS ey nem cane otter ae oe aetaryae ci cicrte eee saat SEL eae 
pemeLTUTCU AE) CLISIt ae. n one. esac forevers ere ste Shecyesh eae or ne toveese caiekea peers tsa s hae 
SG Mera SUH ENEH Oem ite «Sees AEE BOE IC Oe CLS OO Oran G Selec es see 
CUO AY TE MRT eas encore? ate tes co aeRO TS eae Ticiahs, Der ererras Seana mom oie oh aN 


The curves are calculated to show I, T and Q for 100 
ampere hours, electrolyte at 60°F. Other discharges may be 
referred to the curves by proper corrections for temperature and 
discharge. 

The vertical, left-hand scale shows percentages of acid of den- 
sity 1.842 in the mixture, and the density corresponding thereto 
at 60°F. The lower horizontal scale shows the quantity of 
electrolyte in ounces avoirdupois. 

The separate curves are each for a given initial density and per- 
centage of electrolyte. 

1. To find quantity of electrolyte required (Q) when A.H., I, 
and T are given: . 

If A.H. = 100 and temperature = 60° F., follow horizontal 
corresponding to desired terminal density from vertical scale on 
left to curve of given I. From this intersection follow, vertically, 
downward to lower scale where Q is read off. 

If temperature is other than 60°, refer to Plate I and find the 
equivalent density at 60° by method previously given, and use the 
corrected densities thus found as I, and T. 
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If A.H. is some discharge other than 100 ampere hours, the 
actual quantity = a in which Q = reading on lower 
horizontal scale. 

2. If A.H., Il and Q are given, to find T: 

If A.H. = 100 and temperature = 60°, follow vertical from 
lower scale at point of given Q, to curve of given I. From inter- 
section thus found, follow horizontally to left and read on vertical 
scale the value of T. 

If temperature is not 60°, correct I for temperature as above 
explained, using the corrected value of I for locating curve. After 
jinding T, correct this also for temperature. 

If A.H. is some value other than 100, correct by formula 
“ = QC. Use this value QC as the starting point on the 
horizontal scale instead of Q, and proceed as before. 

S$ )eGiven AVH. Q@ and “ii to find 1: 

Take a vertical up from Q and a horizontal across from T. 
Their intersection will fall on a curve of I, which will show the I 
sought, if A.H. = 100 ampere hours. If the intersection falls 
between two curves of I, the value of the I sought must be esti- 
mated by its position with reference to the two curves between 
which it falls. 

The before mentioned temperature corrections must be applied 
to T before beginning, and to I after obtaining the result. 

If the A.H. is some value other than 100, Q must be corrected, 
and the value QC = nate used as the starting point on the 
horizontal scale. 

4. If Q, T and I be given, it is possible to determine the number 
of ampere hours taken out of a battery, provided proper tempera- 
ture corrections of T and I be made; making these corrections and 
using the corrected values: 

Follow a horizontal from T to I. From intersection of the 
horizontal with I, to follow a vertical down to a horizontal seale. 
Take the reading on this scale, at the intersection of the vertical, 
and call this g. 


Then ashe ae 
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Examples. 

1. In a cell which is to give 100 ampere hours, how many 
ounces of electrolyte are required, if the density on beginning of 
discharge be 1.250 and the terminal density is to be 1.195, densities 
being taken at temperature at 60° F.? Ans. 145 oz. 

2. If cell is to give 80 ampere hours on discharge, and the 
density is 1.265 before the beginning charge at temperature of 
100° F., and a density of 1.185 be required at end of discharge, 
temperature being 70° F., how many ounces of electrolyte are 
required? Ans. 77.6 oz. 

This problem is solved as follows: From Plate I the initial and 
terminal densities are corrected for temperatures, both being 
reduced to their equivalent at 60° F. The corrected temperatures 
are : 1.265 at 100° becomes 1.276 at 60°; 1.185 at 70° becomes 
1.189 at 60°. Taking these at initial and terminal densities 
respectively, the weight of electrolyte for 100 ampere hours is 
found from the curve which is 97 oz. For 80 ampere hours the 
Sa = 77.6 oz. It is to be noted that the value of 
the initial density — 1.276—has no curve. Therefore, a point 
on the horizontal line from the reading 1.189 on the left-hand 
scale must be chosen between the curves 1.270 and 1.280, about 
.6 the distance from 1.270 towards 1.280. This can be divided by 
the eye closely enough for all practical purposes. 

In succeeding problems the temperature of the mixture will 
be taken as 60°; it being understood that all densities must 
be properly corrected to this temperature if they differ from 
it. 

3. Initial density 1.225, terminal 1.176, ampere hours discharge 
210. What is the weight of electrolyte in the battery? Ans. 
363 oz. The reading of 173 oz. is for 100 ampere hours, the 
Tee i034 07, 

100 

4. A cell contains 238 oz. of electrolyte of density 1.240 at 
beginning of discharge. Later the density becomes 1.200. How 
many ampere hours have been taken out of the battery? Ans. 
116 ampere hours. In this the curve shows that 205 oz. are re- 
quired to deliver 100 ampere hours; therefore the discharge due to 


Peron be a x 100 = 116 A.H. 


amount is 


quantity is 
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5. A cell containing 240 oz. of electrolyte discharges 162 
ampere hours, and the final density of electrolyte is 1.147. What 
was the density of beginning on discharge? Ans. 1.208. 240 oz. 
AO EES oon 

162 
for 100 ampere hours. The intersection of the vertical from 148.2 
and the horizontal from 1.147, falls between the curves 1.200 and 
1.210, near the latter. Dividing visually, the value is seen to be 
about 1.208. 

6. A cell contains 113 oz. of electrolyte, density 1.245. What 
will be the density when 106 ampere hours are discharged? 
aria aly eae 

106 
100 ampere hours. Starting from 106.5 oz. and going up to a point 
about midway between the curves 1.240 and 1.250, the position of 
the horizontal line over to the vertical scale is located, and the 
value of the terminal density given. 

After a little practice, the use of these curves will be found very 
simple, and nearly any problem in battery work, relating to elec- 
trolyte densities, and their changes with current input or output, 
can be solved by mere inspection. 

In practice, the variation in density of electrolyte with ampere 
hours discharged does not appear to conform to the theoretical 
unless the discharge rate is very low. 

Numerous experiments made in this country and abroad, 
particularly in Germany, seemed to indicate that the higher the 
rate of discharge the less is the abstraction of S and O, and the 
smaller the diminution in density. Also, with a given rate of 
discharge, the change in density i is less toward the end of discharge 
than in the beginning. 

In 1902, it occurred to the author that an explanation of the 
divergence of fact and theory could be found in the retarded 
diffusion of the electrolyte, when the surface layer of active material 
’ has become partially sulphated and thereby closed the pores in 
the surface of the plate. 

This condition prevents that portion of the electrolyte absorbed 
and contained within the pores of the active material from diffus- 
ing and mixing with the free electrolyte in the cell, nor can the 
free electrolyte pass into the pores of the plate and come in contact 
with the unused portion of the active material. . As further dis- 


of electrolyte and 162 ampere hours gives 


= 106.5 which is the number of oz. per 
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charge takes place, the only SO, available for the necessary chemi- 
cal combination is that in the electrolyte contained within the 
pores of the active material, and this quantity is, of course, com- 
paratively small. The final result is the extreme dilution of the 
electrolyte within the pores of the plate, while the external elec- 
trolyte is changed but little. When discharge is rapid, the sur- 
face of the plates very soon passes into the form of lead sulphate, 
and the increase in its volume closes up the outer pores, masking 
the active material and imprisoning some electrolyte within the 
pores of the plate, while the main body of the electrolyte in the cell 
is excluded from the unsulphated active material. The same con- 
dition exists when the plate has been discharged for some time at 
moderate rates. 

From these premises, the natural conclusion is that at the end 
of discharge there exist two separate bodies of electrolyte; one 
contained in the pores of the plates, greatly diluted — almost 
to the point of pure water — while outside the surface of the 
plates there is another body which has suffered comparatively 
little change. If these two bodies could diffuse and mix thor- 
oughly, the density of the resulting mixture should be the same 
for a discharge of a given number of ampere hour, regardless of 
the rate at which this discharge took place. 

Some experiments were made to determine the correctness of 
this theory, which consisted in discharging a given cell at various 
rates and then allowing it to stand discharged for several hours. 
The density of the electrolyte would gradually fall, and, in every 
instance, approached nearly to the calculated value. The time 
of standing required to attain a constant value for the electrolyte 
density was less with a cell made up of Planté plates, having a 
thin layer of active material, than with a pasted plate having a 
thick layer, just as would have been expected. From the results 
of these experiments, the writer feels justified in affirming that the 
amount of SO, abstracted for a given ampere hour discharge is 
constant and independent either of rate of discharge or the 
amount of charge in the cell at the beginning of discharge. This 
shows the dependence of the chemical action on the electrolyte 
imprisoned in the pores of the active material, in rapid and pro- 
longed discharge. ; 

It is to be understood that all the foregoing computations are 
therefore simply averages of the electrolyte densities outside and 
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inside the pores of the plate. They do not indicate the degree of 
dilution of the acid in the pores, which is far greater than that 
measured in the external mass of electrolyte. 

The question of change in capacity with increase in quantity 
of electrolyte has been investigated at length by H. Wehrlin * 
and the accompanying curves (Fig. 7) show the increase pro- 
duced by the addition of electrolyte, these being plotted from 
readings made on actual experiments. The decrease of acid 
density as the discharge goes on is also shown. 
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Fic. 7. Variation in Capacity with Quantity of Electrolyte. 


A good general rule is to use low concentration — not above 
1.210 —and provide enough acid to keep the terminal density 
well up —say to 1.180 to 1.190. Use the electro-chemical for- 
mula for the maximum and provide fully the quantity of elec- 
trolyte calculated. 

While low density electrolyte is advantageous, if too dilute, 
abnormal sulphation is produced. 

The more electrolyte there is present, the better the performance 
of any given cell. 

The general practice in this country in regard to initial and 
terminal densities, quantity of electrolyte per 100 ampere hours, 
is as given in the table herewith: 


* Centralblatt fiir Accumulatoren, No. 4, 1901. 
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TABLE VIII.— ELECTROLYTE IN STORAGE CELLS. 


{INITIAL AND TERMINAL DENSITIES AND QUANTITY. AVERAGES IN 
UNITED STATES PRACTICE. 


Densities. Lbs. Elec- 
Kind of Plates. Character of Service. peiechetee trolyte per 
Rate. ae A 100 amp. 
Initial. | Terminal. ine. 
Pasted pos. and | Motor car propul- 
and neg sion. 4hours | 1.300) 1.100 4 ibs. 
Planté, pos. General use — 
pasted neg. Small sizes | 8 “ 15210 el at 8i7 22 Ibs. 
Planté, pos. General use — Lai 
pasted neg. Large sizes | 8 ‘“‘ LEZ 10 Le ie 15 lbs. 
Planté, pos. General use — 
and neg. Small sizes | 8 “ 1.200) 1.180 25 Ibs. 
Planté pos. and | General use — eis 
neg. Large sizes | 8 “ 1.200) 1.165 ge! 


These are only averages of general practice. Many storage cells 
vary appreciably from these data, but the figures given represent 
good practice. 

The reader may think it strange that in this discussion no use 
has been made of the term ‘‘degrees Beaume.”’ The reason is that 
the author considers it utterly useless, and, in fact, an absurdity 
to make use of a system which means nothing, and which must be 
converted into specific gravity in order that it should have any 
meaning. The system has no place either in theory or practice, 
and the only rational system is the direct use of specific gravity 
values. 

Following are tables giving the constants of electrolytes of 
various densities at 60° F. 


TABLE IX. 
SULPHURIC ACIDS. — MIXTURE BY WEIGHT. 

Wt. in lbs. per Per cent of Lbs. of 1.835 Per cent of 
Bp er. cubic foot. 1.835 acid. acid in 1 cu. ft. 1.842 acid. 
1.000 62.37 0.00 0.00 0.000 
1.007 62.81 1.00 0.63 0.935 
1.014 63.24 2.50 1.58 7}. 36M 
1.021 63.68 3.66 2235 3.422 
1.028 64.12 5.00 3.21 4.675 
1.036 64.62 6.00 3.88 5.610 
1.043 65.05 7.00 4.55 6.545 
1.051 65.55 8.00 5.24 7.480 
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SULPHURIC ACIDS — Continued. 


Wt. in lbs. per Per cent of Lbs. of 1.835 Per cent of 
cubic foot. 1.835 acid. acid in 1 cu. ft. 1.842 acid. 
65.99 9.00 5.94 8.415 
66.49 10.25 6.82 9.584 
66.99 11.50 7.70 10.752 
67.48 12.50 8.44 11.637 
67.98 13.60 9.25 12.716 
68.48 14.70 10.07 13.744 
69.04 16.00 11.05 14.960 
69.54 17.00 11.82 15.895 
70.10 18.25 12.79 17.064 
70.67 19.60 13.85 18.326 
U8} 21.00 14.96 19.635 
71.79 22.00 15.79 20.570 
U2 aks 23.25 16.82 21.739 
72.91 24.50 17.86 22.907 
anos 26.00 19.12 24.310 
74.10 27.25 20.19 25.479 
74.72 28.50 21.30 26.647 
75.34 30.00 22.60 28.050 
75.97 Sl 25 23.74 29.219 
76.65 SPA STK) 25.10 30.621 
i Pas 34.00 26.28 31.790 
77.96 35.50 27.68 33.192 
78.65 37.00 29.10 34.595 
79.33 38.37 30.44 35.876 
80.02 39.75 31.81 37.166 
80.77 41.25 Sones 38.569 
81.46 42.62 34.72 39.850 
82.20 44.00 Om 41.140 
82.95 45.50 37.74 42.542 
83.70 47.00 39.34 43.945 
84.51 48.50 40.99 45.347 
85.32 50.00 42.66 46.750 
86.13 51.50 44.36 48.152 
86.94 53.00 46.08 49.555 
87.82 54.50 47.86 50.957 
88.63 56.00 49.63 52.360 
89.56 Dito) 51.50 53.762 
90.44 59.00 53.36 55.165 
Ossie 60.50 55.28 56.567 
92.25 62.00 57.20 57.970 
93.24 63.50 59 21 59.372 
94.18 65.00 61722 OUALO 
95.18 66.50 63.29 62.177 
OGr ane 68.00 65.40 63.580 
97.23 69.70 Olean 65.169 
98.30 i set) 70.09 66.665 
99.36 73.00 f2no3 68.255 
100.48 74.60 74.96 69.751 
101.60 76.20 77.42 71.247 
102.79 77.87 80.04 72.808 
103.91 79.50 82.61 74.332 
105.16 81.30 85.50 76.015 
106.40 83.00 88.31 77.605 
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a Wt. in lbs. per ~ Per cent of Lbs. of 1.835 Per cent of 
ae cubie foot. 1.835 acid. acid in 1 cu. ft. 1.842 acid. 
. 726 107.65 85.00 91.50 79.475 
TAT 108.96 87.00 94.80 81.345 
. 768 11027 89.00 98.14 83.215 
.790 111.64 91.62 102.29 85.665 
.801 rise 93.12 104.60 87.067 
.807 112). 70 94.00 105.94 87.890 
.812 113.01 94.70 107.02 88.544 

818 113.39 95.66 108.47 89.442 
.824 113.76 96.80 110.12 90.508 
. 830 114.14 98.33 112.23 91.939 
sos) 114.45 100.00 114.45 93.500 

TABLE X 
APPROXIMATE BOILING POINTS. 

Acid density. Deg. F. Acid density. Deg. F. 
1.526 291 1.768 423 
1.706 378 1.790 446 
Tiz6 388 1.812 475 
1.747 403 1.835 522 


CHAPTER VII. 
ELECTRO-MOTIVE FORCE AND ITS VARIATION. 


THE open circuit electro-motive force of a storage cell is depend- 
ent on: 

(1) Density of the electrolyte. 

(2) Temperature. 

(3) Character of active material. 

The potential difference at the terminals of a cell is dependent on 
these factors, and also on: 

(4) Rate of Current Flow. 

(5) State of Charge of the cell. 

(6) Internal Resistance. 

The changes in electro-motive force due to variation of acid 
density have been pointed out, generally, in Chapter IV. The 
analysis and the equations show that the electro-motive force 
increases with increase in concentration. This dependence was 
early shown by Preece,* Heim,f Duncan,{ Streintz,§ Gladstone 
and Hibbert,|| and others. 

The electro-motive force at various electrolyte densities may be 
calculated by the following formula, due to Streintz: 

91.350 - 0.917 (5 — 8): (31) 

E = Electromotive force in volts; 

S = Specific gravity of electrolyte; 

= Specific gravity of water; 
the two specific gravities being taken at the temperature of 
observation. 

This formula may also be written: 


E = 1.850 + 0.00057 z, (32) 
where z = grams of H,SO, per liter of electrolyte. 


* Proceedings of the Royal Society, 1883. 

{ Elektrotechnische Zeitschrift, Vol. X, page 88, 1889. 

t Transactions A. I. HE. E., 1889. 

§ Wiedemann Annalen, Vol. XLVI, 1892, page 449. 

|| Proceedings Institution of Electrical Engineers, 1892, 
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‘These formule do not hold for the extremes of concentration — 
zero or 100% —but are correct for densities of from 1.050 to 
1.650. 

Figure 8 shows the curve of voltage variation between pure 
sponge lead and lead peroxide electrodes on open circuit with 
varying degrees of acid concentration. From specific gravities 
of 1.050 to 1.300, the increase is uniform and indicated by the 
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Fic. 8. Variation of Cell Potential with Electrolyte Density. 


straight portion of the curve. Below and above these values, the 
rate of change in electro-motive force is variable, for with weaker 
acid, the nature of the reactions undergoes a fundamental change, 
while with stronger acids, local action between the sponge-lead 
plate and the acid begins to take place, and this prevents the 
electro-motive force from rising at the same rate as it does with 
lower concentrations. 

Gladstone and Hibbert conducted a series of tests on the poten, 
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tial of the individual electrodes and obtained the results shown in 
Fig. 9. Curve 1 is the variation in electro-motive force of the 
positive (PbO,) plate, while curve 2 is the variation on the negative 
(Pb) electrode. The dotted line is the sum of these two, which 
shows the increase with the change in acid concentration. 


0 10 20 30 8 40 50. GO 70 80 90 100 
Per Cent of H»SO4 


Fia. 9. Variation of Potential of Individual Electrodes with Electrolyte Density. 


The electrode potential increases slightly with temperature by 
the amount T rr , or the temperature coefficient, which has been 


discussed in Chapter LV. 


0 10 20 30 40 50 60 vil) 80 90 100 
Proportion ingof PbSO,4 


Fig. 10. Variation of Positive Electrode Potential with Proportion of PbSO.. 


With different states of charge and discharge there is a varia- 
tion in electro-motive force, due to the mixture of sulphate with 
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the active material. Darrieus has measured these variations and 
the results of these measurements are given in the accompanying 
curve, Fig. 10, which shows the changes in electro-motive force for 
PbO, mixed with varying proportions of PbSO,, the measurements 
being made against a pure sponge lead negative in acid of 1.320 
specific gravity. This curve, in its gradual diminution and 
abrupt fall near the end, resembles, somewhat, the voltage curve 
of the cell. 

When charge or discharge currents flow into or out from the 
cell, the potential difference, or terminal voltage, changes greatly 
with the time during which current flow through the cell con- 
tinues and with the rate of flow, as has been mentioned in a previ- 
ous chapter. 
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Fig. 11. Curves of Charge at Different Rates. 


Figure 11 shows two voltage curves for different rates of charge 
of a certain cell having Planté plates. An analysis of these curves 
shows that the normal open circuit voltage of a lead cell having 
an electrolyte density of 1.210 is about 2.10 volts. On charge, 
as soon as current flow begins, the terminal voltage quickly rises 
until it reaches a value of about 2.18 for the normal charge rate, 
after which it continues to rise very slowly until it attains a value 
of about 2.25 volts; it then ascends rapidly until the maximum 
of 2.5 to 2.7 volts — depending upon the character of the plates — 
is reached. The rapid increase at the beginning of charge, as 
shown by the first part of the curve, is caused principally by 
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a polarization counter electro-motive force, while the gradual 
increase of voltage extending over a long period is due to the 
increase in density of the electrolyte contained within the pores 
of the plates. Since these concentration changes take place in 
the interior of the active material, they are far greater than the 
variations in the density of that portion of the electrolyte exterior 
to and surrounding the plates. 

The last portion of the curve of charge, which is marked by the 
rapid upward rise, begins when the sulphate on the electrodes has 
all been reduced and the products of the electrolysis are hydrogen 
and oxygen. Since lead cannot occlude hydrogen, it forms 
bubbles on the surface of the sponge-lead plates, which set up 
an electro-motive force that opposes the flow of charging cur- 
rent, producing the high voltage always observed at the end of 
charge. 

Investigations made on the changes in electrode potential show 
that when a voltage of 2.3 has been reached on charge, the poten- 
tial of the two electrodes increases very slightly, no matter how 
prolonged the charge may be; the increase in electro-motive force 
above this value being due to the evolution of gases. 

It will be noted that the general form of the curve is the same, 
whatever the rate of charge, except that the time period of each 
of the effects before noted is diminished with increase in rate. 

With certain types of Planté plates the curve of charge takes a 
slightly different shape, and shows the curious effect of a fall in 
voltage along a portion of the curve extending over a slight period 
of time. 

No definite cause has been assigned for this phenomenon, but 
it is believed that it results from the reduction of the surface 
layer of sulphate which covers the active material, and when this 
is reduced, the internal resistance of the cell is so far diminished 
that its potential falls. On discharge the effects are, substan- 
tially, the opposite of those on charge. 

Figure 12 shows a number of curves of discharge, which indi- 
cate the voltage and duration of the discharge at various rates. 

From these it may be seen that when discharge takes place at a 
slow rate (curve 1) there is a sudden fall in voltage, which is fol- 
lowed by a gradual diminution until the capacity of the cell is 
practically exhausted, after which the voltage drop becomes very 


rapid. 
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At high rates, the instantaneous drop, due to polarization, is so 
great as to obliterate the initial rapid fall which takes place at 
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Fia. 12. Curves of Discharge at Various Rates. 


the low and moderate discharge rates, and the discharge begins 
at less than 2 volts. 

The drop in voltage, while rapid, is less at the beginning and 
greater near the end of discharge just as in the case of slow dis- 
charge, the general form of the discharge curves having a simi- 
larity, regardless of the rate of discharge. 


e ; 0 15 30 45 60 75 90 105 120 
Time in Minutes 


Fic. 14. Curves of Discharge, showing Initial Rise of Potential. 


Sometimes, when cells having Planté plates are discharged at 
high rates, the discharge being begun within a short time after end 
of charge, there is a sudden initial drop of voltage which takes 
place in a very few minutes, after which the potential actually 
rises for a period that may extend over half the time of discharge 
before the normal steady decrease begins to take place. Fig. 14 
shows two curves of discharge observed by Wade which exhibit 
these characteristics. Curve a is for a cell containing electrolyte 
of 1.220 specific gravity, while curve b is for one containing 1.190 
acid. Causes other than the mere difference in acid density 
probably produced the difference in form of these two curves. 
The reasons for these voltage rises are not known. 
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It is to be noted that the area included between the charge 
and discharge curves represents lost energy, and the separation 
of these curves is greater at higher rates of charge and discharge 
than with low rates, which shows the effect of the charge and dis- 
charge rates on the efficiency of the cell. The differences between 
the charge and discharge curves are partly due to polarization 
and ohmic drop, but the principal cause lies in changes in acid 
concentration, the acid in the pores of the plates becoming denser 
with charge, and more dilute with discharge. This is proven by 
the fact that the curves tend to approach each other more and 
more as the rates of charge and discharge are lowered, and by a 
greater amount than the voltage changes due to polarization and 
resistance would account for. At low rates the diffusion of 
electrolyte may more nearly keep pace with the rate of change in 
the concentration. 
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Fic. 15, Difference between Charge and Discharge Potentials at Various Rates. 


Figure 15 shows the variation in the voltage of charge and dis- 
charge with different rates. The points on the curves are taken 
as equal to the voltage of the middle section of the charge and 
discharge curves. The abscissee are given in amperes per square 
foot of positive plate. It is to be noted that the ordinates are 
taken to a very small scale, the total range of the figure being 
only 0.009 volt. 

As may be seen, the difference between the charge and dis- 
charge voltages is only 0.006 volt at a rate of 0.016 amperes per 
square foot, which is a loss of less than 0.3%. This shows that the 
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voltage of charge or discharge remains nearly constant, and 
approximates the open circuit voltage of the cell when the rates 
of current flow are very low and the concentration changes take 
place so slowly that the diffusion may closely follow and annul 
them. Incidentally, these curves show that, except for the energy 
absorbed by diffusion the storage battery is completely reversible 
if the current rate be low enough. 

The dependence of the electro-motive force on the circulation 
of the electrolyte is shown by the fact that the most porous sponge 
lead cannot absorb more than two-thirds its apparent volume of 
electrolyte, and the sponge lead electrode under its best con- 
ditions cannot absorb more than one-half its apparent volume; 
therefore, for the two electrodes there could never be more than 
three volumes of acid absorbed to two volumes of active material. 
Solid PbO, requires about six times its own bulk of 1.200 specific 
gravity electrolyte to produce 50% sulphation if all the SO, is 
abstracted, leaving only water behind; or it requires at least 
twelve times as much electrolyte of this specific gravity as the 
volume of PbO, if the remaining electrolyte is to have any reason- 
able density. From this it is apparent that the acid contained in 
the pores is totally inadequate to give complete discharge, and it 
shows the dependence of the electro-motive force of the electrodes 
on the rate of diffusion of the electrolyte into and out from the 
pores of the active material. 

There are several causes which tend to assist diffusion, and one 
is the so-called concentration currents, which exist when the acid 
concentration varies in the pores, or when differences in concen- 
tration between the inner and outer portions of the active material 
become comparatively great. Obviously, differences in electro- 
motive force are produced at different points in the same mass 
of active material by these concentration differences, and local 
currents of electricity are thereby set up. These local currents 
tend to charge certain portions of the plate, increasing the density 
of the electrolyte contained in those portions, and to discharge 
other portions, decreasing the density, and where considerable 
differences in concentration exist, these concentration currents, 
which act independently of diffusion, tend to equalize the density 
through the mass of the active material. 

Streintz has made a study of the changes in voltage of the 
individual electrodes with charge and discharge. His observa- 
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tions are shown graphically by the curves in Fig. 16. The lower 


curves are those of the negative electrode, while the upper curves 
represent the voltage changes at the peroxide electrode, the 
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Fic. 16. Potentials of Positive and Negative Plates against Auxiliary Electrode. 


readings having been made between an auxiliary test electrode of 
zine and each of the two battery electrodes. The extreme upper 
and lower curves are those of charge, while the two inner curves 
show the changes on discharge. The cell potential at any time, 
or point on the curve, is equal to the potential of the peroxide 
electrode, minus that of the sponge-lead electrode. Thus, at the 
end of five hours of charge, the potential between the auxiliary 
electrode and the peroxide plate is 2.65 volts, while that between 
the auxiliary and the sponge-lead is 0.42 volt, both plates being 
positive to the auxiliary electrode. The cell potential is therefore 
2.65 — 0.42 = 2.23. The sharp, downward turn of the potential 
of the sponge-lead plate near the end of the charge shows that 
this electrode furnishes the principal opposition to the flow of 
charging current, and causes the high potential at this stage of 
charge. 

From these curves it appears that the range of potential through 
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which the sponge-lead plate passes from charge to discharge is 
about 0.5 volt, while the peroxide plate range of working is about 
0.4 volt. These figures include the voltage of gas liberation on 
charge, the effect of which is clearly shown by the drop at the end 
of the charge curve of the sponge-lead plate. This, however, as 
has been remarked, is not a true electrode potential, but is due 
to the -auxiliary and additive electro-motive force of occluded 
hydrogen gas. 

After having been fully charged, if the cell be given a long period 
of rest and then discharged, the voltage does not begin to drop 
off at once, but on the contrary it rises slightly. Several cycles of 
charge and discharge are necessary to bring the battery back to its 
original condition, such that the voltage at beginning of dis- 
charge is high, rapidly falling during the first few minutes. 
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Fic. 17. Curve of Discharge after Long Rest. 


Figure 17 shows the curve of discharge of a cell which has 
been allowed to stand idle for several days after being fully 
charged. 

Ayrton has found that when the active material on the perox- 
ide plate is converted into sulphate to the extent of 69% of the 
total, the cell loses its potential entirely. This he attributes to the 
formation of a surface layer of sulphate, and also to the formation 
of peroxide on the negative plate. 

Fick has devised a mathematical law to show the rate of diffu- 
sion and the consequent rate of change of electro-motive force with 
concentration changes, which is as follows: 

If + = time in seconds, 

q = cross-sectional area of a pore in the active material in 
square centimeters, 
1 = length of pore in centimeters, 
C, = density of external acid, 
CO; = density of acid inside pores, 
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Then, for an infinitesimal time, df, an increase in the density of 
the acid within the pores will take place, which is equal to dQj. 
Obviously, the rate of diffusion is proportional to the cross 
section of the pores and the difference between the density of the 
external electrolyte and that contained in the pores, while it is 
inversely proportional to the length of the pores. Therefore,. 


ac, = SEs 4 at, (33) 


in which ¢ is a constant. 

Considering the density of the external acid, C,, as constant, the 
constant quantities in the equation are Ca, ¢, q, and 1. Combin- 
ing to collect the constants, 


vs = const. — const Cj. (34) 
The electro-motive force of a cell is, 


EK = 1.850 + 0.00057 Ci, 
whence, 
dE = 0.00057dC;. (35) 


Dividing both sides of the equation by dt, 


GE = 0.00057 Sol por Se aoa 
dt dt dt dt 
Since os = const. — const. C;, 


o = const. (const. — const. Cj) = const. — const.Cj. (86) 


Also, since 0.00057C; = E — 1.850, and taking 0.00057 and 
1.850 as constants, 


Const. C; = E — const. (37) 


Combining equations (86) and (87) 


= Const. — const. (HE — const.) = const. — const. E. 


il 
dE = a (b — E) dt, 


ELECTRO-MOTIVE FORCE AND ITS VARIATION T9 


in which a and b are constants. 
——~ = adt. (38) 


Integrating, the result is 


— log (b — E) = at + k, in which k is a constant of integration. 


This reduces to 
b — E =¢ (-at—k), 
¢ (atk) — e-at X a constant which is equal to e-*. Call this 
constant p. 
Then b—E =p X e7-4t, whence 


E=b — = ; (39) 

If E, = electro-motive force at density C, and E; = electro- 

motive force at density after a time of diffusion equal to t, for 

t=, KE, =E,, also the second term on the right of equation (39) 

disappears so that Const. b = E,. The equation therefore finally 
becomes 


eis ae (40) 


eat 

Also, fort = 0, E,=E, —p, 

p being the difference between the electro-motive force before 
the electrolyte has time to diffuse and that due to acid having 
a density equal to C,. This difference is equal to the value of the 
polarization electro-motive force at the end of charge. 

As is well known, any storage cell which has been carried to its 
highest potential on charge, or its lowest voltage value on dis- 
charge, will, on opening the circuit, recover its normal voltage 
within a very short time, the length of time required being a con- 
stant depending upon the construction of the electrodes. This 
is called the ‘“ recovery of the cell.” The rate of recovery has 
been studied by Moore.* 

Figure 18 shows the curve of charge given by the full line, 
while the dotted line shows the rate of recovery, the abscissz 
being plotted backwards for the latter curve. 

Figure 19 shows a curve of discharge and the rate of recovery, 
the two curves being shown in full lines and dotted lines, 


respectively. 
* Physical Review, Vol. IV, 1897, p. 353. 
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In this latter figure the points shown are computed from equa- 
tion (39), or the diffusion law of Fick, and it will be seen that the 
curve found experimentally coincides very nearly with the cal- 
culated points. 


Minutes 


Fig. 18. Recovery of Cell Potential after Charge. 


Minutes 


Fie. 19. Recovery of Ce!l Potential after Discharge. 


There is another drop in electro-motive force which is different 
from the recovery drop and is due to the breaking up of the un- 
stable, superoxidized compounds which are formed on charge, 
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such as persulphuric acid and other substances of a like character. 
After charge is ended, it will be observed that no hydrogen bubbles 
come off from the sponge lead plate after the first rush of gas, last- 
ing only a short time, unless there be local action. The peroxide 
electrode, however, will give off oxygen for a considerable time, 
which indicates that the superoxidized bodies are breaking up, 
and this produces a slow decrease in electro-motive force with 
time. Fig. 20 shows the rate of voltage decrease for cells having 
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Fic. 20, Drop in Cell Potential with Time. 


various electrolyte densities. From these curves it may be seen 
that the greater the acid density, the less is the rate of drop. This 
conforms to the usual law of highly oxidized substances, which is, 
the stronger the acid and the more readily they are formed, the 
more stable they are after formation. 

Wade states that the final drop on discharge is not due to de- 
crease in concentration, but to high increase in ohmic resistance, 
caused by a definite change in the character of the electrodes 
which occurs at this stage. He claims that this resistance becomes 
very great at a certain condition of PbO, + Pb + PbSO, which 
is reached long in advance of the plate exhaustion or complete 
sulphation of the active materials. Certainly the drop is not 
caused by loss of electro-motive force, for if the circuit be inter- 
rupted, the voltage of the cell returns to nearly its normal value; 
and in the case of thin plates discharged at a low rate, practically 
no residual discharge may be taken from the cell, which shows that 
this final condition does not arise from the need of acid in the 
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pores. With thick plates, discharged at rapid rates, there is a 
residual charge left of considerable magnitude, which becomes 
available after allowing the cell to stand on open circuit a short 
time, but after this residual charge is completely taken out so 
that any further attempt to obtain current from the cell results 
only in an immediate drop of voltage, it will still be found that 
on open circuit the cell will regain practically its normal electro- 
motive force. From these considerations it appears that Wade’s 
conclusion cannot be avoided and that the final drop is due to 
some definite change in the condition of the active material, 
which produces a high internal resistance. 

Less energy is required to charge a battery, if it be charged 
immediately after discharge, than would be required if the battery 
be allowed to stand for some time. The reason is that the acid 
in the pores of the active material is very dilute, and, therefore, 
the counter electro-motive force is much less than it would be if 
time were allowed for diffusion to take place and the acid thereby 
attain its normal strength. 

As may be seen of the curve, Fig. 10, the fall in electro-motive 
force on discharge, due to the character of the change of the active 
materials, is but slight. 

The change in voltage due to internal resistance is negligible 
up to a certain point, after which the internal resistance becomes 
very great and the drop is appreciably affected by it. The curves 
of charge and discharge will always be of a form which shows the 
relation between the rate of change of acid concentration in the 
pores, and the rate of diffusion. 

After completion of charge, when the charging circuit is open, 
the release of polarizing, hydrogen bubbles from the sponge lead 
electrodes, shows physically the loss of the element which pro- 
duces the high electro-motive force of charge, and, coincidently 
with the release of these bubbles from the electrode surface and 
the diffusion which fo!lows, the voltage of the cell falls to its open 
circuit value, following the curve of rate of recovery as before set 
forth. 

Where batteries are used for regulating, that is, absorbing as 
charging currents the excess supplied by the generating apparatus 
when the external load is light, and giving out current to assist 
the generating apparatus when the external load is heavy, the 
difference in potential between charge and discharge is not go 
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great as the differences which exist when charge and discharge 
are prolonged, because the length of time which a charge or the 
subsequent discharge may last is very short, and therefore, 
though the rate may be high, the ampere-hours are small and the 
state of battery charge is changed but little. 

Where the state of battery charge is maintained reasonably 
constant, the cell has a characteristic somewhat like a shunt 
dynamo. The voltage rises on charge and falls on discharge, the 
increase or decrease being directly proportional to the rate of 
current flow. 

B. Hopkinson,* in 1901, made some extended investigations 
concerning the variation in voltage on charge and discharge at 
short intervals. He found that the difference between the 
charging and discharging voltages was much less than the differ- 
ences which exist for prolonged periods of charge and discharge. 
This paper is more fully referred to in Chapter XII. 

A study of the behavior of storage cells working under the 
condition of short charge and discharge periods, which followed 
each other in quick succession, was made by the authort in 1903. 
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Fie. 21. Voltage Characteristic of Cell. 


Figure 21 shows the characteristic of an 800-ampere-hour cell 
one-quarter discharged, at 70° F., and in good condition as found 
in this investigation. This will change with temperature, the 
characteristic more nearly approaching the horizontal with higher, 
and the perpendicular with lower, temperature. It will also 
change with state of charge, density of electrolyte, and condition 


* London Electrician, Vol. XLVIII, pages 211, 263. 
+ Transactions A. I. H. H., 1903. 


84 STORAGE BATTERY ENGINEERING 


of plates. The ordinates above the horizontal line, which intersects 
the characteristic curve at zero, represent the voltage of a cell on 
charge, and those below this line the volts on discharge, at various 
rates of current flow. The abscissee are amperes, the curve being 
extended on either side of the zero to that point where the current 
flow is equal to the one-hour rate of charge or discharge. Each 
reading was taken 20 seconds after beginning of the corresponding 
current flow. The zero point shows the voltage of a cell when 
current flows neither into nor out of it. 

This is the general form of characteristic for nearly any type or 
size of cell, the conditions of charge, temperature, electrolyte, 
density, etc., being the same. The data, then, to construct the 
characteristic for any size of battery having the same constants 
as those given are: 

Volts per cell at zero, 2.025; at the one-hour discharge rate, 
1.915; at the one-hour charge rate 2.14, and connect these points 
by a straight line. As may be seen, that shown in the figure is 
practically a straight line, and repeated tests on many sizes and 
types of cells indicate that if the conditions be maintained constant 
throughout a test, and due allowance be made for the error in 
reading the small changes in the voltmeter deflections, the charac- 
teristic is a straight line between the points of one-hour charge 
and one-hour discharge rates. 

The maintenance of the voltage, and consequently the capacity 
of the cell, depends on both the positive and negative plates and, 
therefore, if one be fully charged or fully reduced, and the other is 
only imperfectly charged, the capacity is small, being equal only 
to that of the least efficient plate; the battery is quickly discharged, 
and the voltage curve falls rapidly. It is necessary that both 
the positive and negative elements should be completely charged. 
The voltage of the battery is not always an indication of the state 
of charge, and in order to determine the condition of the two plates 
it 1s necessary to test them independently. This is done by 
immersing a piece of metal, either zinc or cadmium, in the electro- 
lyte and observing the voltage between it and the positive and 
negative elements. 

Zine is now seldom used because pure zine is difficult to obtain 
and when impure it dissolves in the electrolyte. If any portion 
be dissolved it has a tendency to deposit during charge on the 
negative plate, and erroneous readings would therefore result. 
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With reasonable care, however, there is no reason why zine should 
not be satisfactory in ordinary practical work, when cadmium is 
not available. 

Cadmium must also be free from impurities; otherwise diffi- 
culties, such as are caused by impurities in zinc, will arise. In 
taking cadmium readings, a substantial error will be introduced 
unless the voltmeter used in making the measurements has a high 
resistance. This is due to the polarization effect which will 
manifest itself if an appreciable current flow takes place between 
the auxiliary electrode and the plate against which it is being 
measured. 

Before making the tests, the cadmium should be placed in the 
acid and allowed to stay a few minutes, so that a coating of cad- 
mium sulphate may form before the first measurement is taken. 
After once being placed in the electrolyte, the cadmium should not 
be allowed to become dry, but should be kept wet with electrolyte 
until all measurements are completed. If necessary to do this, it 
should be moved from cell to cell immersed in dilute sulphuric 
acid contained in any convenient vessel. It should never be 
polished or scraped bright. 

The cadmium must not come in contact with any of the 
plates or connections, and the best way to prevent this, is to cover 
it with rubber and perforate the covering with numerous smal} 
holes. 

When a battery is discharged, that is, when the potential has 
fallen to 1.8 volts, the voltage between the cadmium test piece 
and the positive plate should be about 2.05, and between the 
cadmium and the negative plate 0.25, the cadmium being negative 
to both the elements. The voltage of the cell = 2.05 — 0.25 = 
1.8, the cadmium negative reading being subtracted from the 
positive reading, when both readings are in the same direction. 
These readings must be made while the cell is discharging at 
normal rate. 

When the battery is fully charged, and the normal charging 
current is still flowing, the voltage between the cadmium and the 
positive plate should be about 2.45, and the voltage between the 
cadmium and the negative, 0.05 to 0.10, the cadmium being 
positive to the sponge lead plate and negative to the peroxide 
plate. The cell voltage in this case is the sum of the two read- 
ings = 2.45 + 0.10 = 2.55. 
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‘Figures 22 and 23 show the conditions which obtain; Fig. 23 
being that of discharge, and Fig. 22 being that of charge. 

The positions of the respective elements indicate their rela- 
tions, the right being the positive side. 

At the end of discharge, the cadmium is negative to the peroxide 
plate, the voltage between them being about 2.05. It is also 
negative to the sponge lead plate, and the voltage between these 
two is about 0.25. 

The voltage between the plates is obviously the difference of 
the cadmium readings, which is 1.8. 


Pb | Cad PbO, | Pb PbO, 
\ i 
1 \ 
1 ' 
' 1 
‘ 1 
1 ; 
—_A~A—————___— 
ne 2.30 «25 1.8 
2.5 2.05 
Charge Discharge 
Fic. 22. Voltaic Relation between Elec- Fig. 23. Voltaic Relation between Elec- 
trodes and Cadmium after Charge. trodes and Cadmium after Discharge. 


In Fig. 22 it is seen that at the end of charge the cadmium is 
atill negative to the peroxide plate, and the potential difference 
between them has increased. The sponge lead element has 
changed so that the cadmium is no longer negative to it, but posi- 
tive, as shown. The voltage between the cadmium and positive 
is 2.30; between cadmium and negative — reading in the opposite 
direction, however — 0.20; and the voltage between the plates is 
the sum of these two or 2.50. Therefore, it will be seen that the 
voltage between the battery plates is the sum of the two cadmium 
readings whenever the readings are in opposite directions, or when 
the connections to the voltmeter have to be reversed after making 
one reading, before the other can be made, and conversely, when 
both the cadmium readings are in the same diection, the voltage 
of the cell is equal to their difference. 

In making all three readings, the sum or the difference of the 
two cadmium readings, as the case may be, should be equal to the 
observed voltage of the cell, though it is somewhat difficult in 
practice to measure these voltages accurately enough to make 
them check exactly, because of the small deflection produced 
between the cadmium and the negative plate. 
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Instances have come under the author’s observation where 
cells on charge have shown a voltage as high as 2.5 volts and the 
reading between the cadmium and negative plates showed that the 
negative plates were still positive to the cadmium, indicating that, 
though the positives were fully charged, the negatives were not; 
and these cells showed low capacity. On continuing the charg- 
ing current for some time, the negatives were finally completely 
reduced to lead-sponge, as shown by the cadmium readings, and 
the battery then showed full capacity. 

No cell should be considered charged until the negative plate 
shows a potential of at least 0.05 volt against a cadmium elec- 
trode, and 0.10 is better, the cadmium being positive to the 
sponge-lead; also, the cell should be considered as discharged when 
the negative reaches a point where the potential between it and 
the auxiliary cadmium electrode is 0.25 volt, the sponge-lead 
electrode, in this case, being positive to the cadmium. The range, 
therefore, of electrode potential over the sponge-lead plate is 
about 0.35 volt between charge and discharge. 


4 
Hours 


Fic. 24. Electrode Potentials against Cadmium on Charge and Discharge. 


Figure 24 shows a series of curves in which the two dotted 
curves marked “ P. D.” are those of the cell voltage on charge and 
discharge. 

The upper full-line curve marked “ + cad.” is the potential 
of the peroxide plate against a cadmium test electrode on charge, 
while the lowermost full-line curve, marked “— cad.,’’ is the poten- 
tial of the negative plate against the cadmium. It will be observed 
that near the end of charge — about the end of the sixth hour 
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—the potential of the negative begins to decrease rapidly and 
reaching zero —7.e., the point where no potential exists between 
it and the cadmium —it sinks still further, becoming negative to 
the cadmium, as has been described. The curves marked “ dis- 
charge + cad.’”’ and “ — cad.” are the voltages between the 
cadmium test electrode and the positive and negative plates 
respectively, when the cell is being discharged; the cadmium in 
this case being negative to both electrodes. 

The copious evolution of free hydrogen and oxygen from their 
respective electrodes is an indication that both the plates are fully 
charged if the rate of charge is not higher than the six-hour rate. 

For a given set of conditions, the voltage also changes with the 
temperature. The voltage on discharge is increased with increase 
in temperature, while the voltage of charge decreases with tem- 
perature increase. The reason for this lies in the accelerated dif- 
fusion of electrolyte in the pores of the plates and the decrease in 
the internal resistance of the cell. All electrolytes have a nega- 
tive temperature coefficient, and therefore increase of temperature 
lowers the resistance of the cell. These effects are far greater 
than the change due to the temperature coefficient. The influence 
of temperature is discussed in Chapter XI. 

It is to be noted that the form of the voltage curves may be 
greatly changed by the simple expedient of increasing or decreas- 

‘ing the relative values of the ordinates and abscisse. 

Manufacturers of cells occasionally prepare curves which are 
plotted from actual tests, but which appear to have but small 
voltage changes because the ordinates are compressed and the 
abscisse lengthened. 


1 2 3 4 6 6 7 
Fic, 25, Curve of Discharge to compare with Fig. 26. 


Figures 25 and 26 are the same curve, tne voltage values being 
identical for any given time; yet the cell seems to show a far better 
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performance in curve Fig. 25 than in Fig. 26, when merely in- 
spected for form. 

This caution is applicable to all curves which are intended to 
represent performance of apparatus of any kind. 


ts 


Fic. 26. Curve of Discharge to compare with Fig. 25. 


CHAPTER VIII. 


CAPACITY. 


Tue capacity of a cell is measured in ampere-hours. The energy 
output or watt-hours is the product obtained by multiplying the 
ampere-hour output by the average voltage of discharge. 

In-a battery made up of a number of plates, each of a definite 
drea, and carrying a given quantity of active material, the capac- 
ity in ampere hours will vary with several factors. These are: 

(1) Character of active materials, 
Gyr Porosity = 4° i 
(3) Disposition ~ ~* . 
(4) Quantity of electrolyte, 

(5) Density “ SS 

(6) Rate of diffusion, 

(7) Temperature, 

(8) Rate of discharge. 

The factors (1), (2) and (3) involve the matter of efficient use 
of active material. It is evident that with a given quantity 
of active material, the more porous it is made and the better it is 
disposed with reference to intimate contact with both the grid and 
electrolyte, the higher will be the capacity. Also (6), the more 
rapidly and thoroughly the electrolyte can penetrate to all parts 
of the material, the greater the discharge the battery will be 
capable of giving. 

The effect of variation of (4) quantity of electrolyte on the 
capacity has already been mentioned (Chapter VI), and it has 
been shown that the capacity increases somewhat with the quantity. 

Since the capacity of cells varies with the discharge rate, some 
standard rate must be taken as the basis for all capacity ratings. 
The arbitrary standard of the 8-hour rate is now universal, and it 
is on this basis that cells are manufactured and marketed. With 
increase in rate, the capacity is diminished, and at the 1-hour rate 
only about half the number of ampere-hours can be obtained from 
a cell that it can supply at the 8-hour rate. | 
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The term “ capacity,” it is to be understood, refers to the 
amount of energy which may be taken out of a cell from the be- 
ginning of discharge until the gradually diminishing electro-motive 
force reaches some value which has been arbitrarily fixed and 
which is reached long before all of the active material is reduced to 
PbSO,, and zero voltage attained. 

1.80 volts is the potential which has been adopted as the stopping 
point of discharge when the battery is supplying current at the 
8-hour rate, or 1.68 volts when supplying current at the 1-hour 
rate. The terminal voltage, 7.e., the voltage at which the battery 
is assumed to be completely discharged for any rate, may be com- 
puted from the formula: 


E = 1.66 + 0.0175T, 


in which T is the time in hours during which the discharge lasts. 
Thus, the final voltage for a cell at the 4-hour rate would be 
1.66 + 0.0175 X 4 = 1.75 volts. 

Discharge should never be continued after the minimum voltage 
as given by the above rule is reached. Further discharge will 
yield but few ampere-hours and at a low voltage, so that the addi- 
tional energy obtainable is almost negligible. Also, excessive 
discharge causes abnormal expansion of the active material, 
thereby producing shedding, distortion — or “buckling”? — of the 
plates, and, in extreme cases, the cracking of plate frames or grids. 

For 100 ampere-hours discharged, there are required 0.844 Ib. of 
Pb, and 0.975 lb. of PbO, converted into sulphate. Allowing 
50% of the active material converted into sulphate, which is the 
maximum usually obtainable in practice, the weights are 1.688 Ibs. 
of Pb, and 1.950 lbs. of PbO,, making a total of 3.638 Ibs. active 
maverial per 100 ampere-hours, this capacity being based on the 
practical discharge down to the minimum allowable voltage, as 
above given. 

‘The capacity obtainable from electrodes ranges from 40 to 75 
ampere-hours per square foot of positive plate (both sides in- 
cluded), depending on the type, density of the electrolyte, and 
other conditions. The capacity of Planté plates is from 40 to 60 
ampere-hours per square foot of positive surface, depending on the 
depth of the formation and the type of plate, while pasted plates 
will yield from 50 to 75 ampere-hours per square foot, depending 
on the thickness and porosity of the active material. 
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Theoretically, the peroxide electrode should have a larger 
capacity than the sponge-lead electrode, because it is not so porous 
as is the sponge-lead, and therefore the concentration changes of 
the electrolyte in its pores are greater than in the more porous 
sponge-lead. In practice, however, it has been found necessary 
to make the sponge-lead electrodes with a much greater capacity 
than the peroxide electrode, the excess being sometimes as much 
as 100 %, for the reason that the sponge-lead gradually shrinks, 
tending to cohere and close up the pores, and approach the condi- 
tion of ordinary metallic lead. Also the pores become clogged 
with sulphate or impurities in the electrolyte, thereby causing a 
gradual diminution in the capacity of this electrode, so that in 
the course of a year or two its capacity diminishes to a point where 
it will be equal to, or less than, that of the peroxide electrode. 

The capacity of the Planté peroxide electrode diminishes but 
little, if at all, because each charge tends to form peroxide from 
the underlying lead, and any of this active material which is shed 
off or falls away from the plate tends to be replaced by a new 
growth of peroxide. Pasted positives slowly lose capacity, but 
the loss is very gradual. 

The diminution in the capacity of the negative plate can be 
prevented, in the case of pasted plates, by mixing with the applied 
active material certain inert substances which give a permanent 
porosity to the material such as pulverized coke, porcelain, and 
materials of a like nature. 

The decrease in capacity of the sponge-lead electrodes with 
time is indicated by Fig. 27. It will be observed that plates hav- 
ing a thin layer of active material lose their capacity more rapidly 
than do those having thick layers, and, also, the decrease appears 
to be proportional to the number of discharges, and not to the 
number of ampere hours discharged. ; 

Only recently has it been found possible to treat Planté nega- 
tives so that they maintain their capacity. Bijur* has devised a 
process whereby the negative plates are immersed in a solution 
of some inert element, such as sugar, and this solution allowed to 
penetrate throughout the mass of the sponge-lead, after which the 
plates are heated to a temperature of about 300° C., which is high 
enough to carbonize the sugar and yet is below the melting point of 
sponge-lead. This treatment leaves the pores either filled or lined 

* American Patent Reissues Nos. 12871 and 12872, 
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with porous carbon, and tests covering about two years show that 
there is no diminution in capacity. This treatment, when applied 
to ordinary Planté plates which have lost a large part of their 
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Fic. 27. Decrease in Capacity of Planté Negative Plates with Number of Discharges. 


capacity, causes them to regain their normal capacity. The curve 
in Fig. 28 shows the loss of capacity of an ordinary Planté negative 
and its subsequent increase in capacity after being treated by this 
process, which is known in the trade as “permanizing.” 
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Fic. 28. Loss of Capacity of Planté Negative Plate and Restoration by Permanizing. 


In general, the capacity of the positive plate increases for a 
time, except in cases where an excessive layer of active material is 
initially formed, in which case it will begin to shed off very shortly 
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after the cell is put into commission. This loss will cease after the 
thickness of the active material has been somewhat reduced. The 
capacity then remains, substantially, stationary, the active 
material gradually shedding and being replaced by the formation 
of PbO, from the underlying base lead of the plate. When the 
base lead is finally used up, the loss of peroxide can be no longer 
compensated for, and the capacity then begins to decrease until 
the plates disintegrate. 

The capacity of the pasted positive plates usually increases for a 
short time after being put into service, which increase is due to an 
improvement in the porosity of the active material with use. 
After a maximum porous condition is reached, the capacity then 
begins to diminish, the active material gradually shedding off, and 
thereby diminishing in quantity; while the supporting grid, 
which is usually an antimony and lead alloy, does not furnish any 
base lead for the formation of new lead peroxide. 

The capacity of negative plates, whether Planté or pasted, may 
rise with a few discharges, owing to increase in porosity, after 
which they continuously decrease, unless permanized and their 
porosity thereby maintained. 

Jumau claims that the increase in capacity of Planté positive 
plates is attributable to changes in the crystalline structure of the 
lead peroxide. When, first formed, the crystals of PbO, are com- 
paratively large. On discharge, sulphate is formed and the 
molecules still further increase in size. On charge the sulphate 
is removed, and this leaves these large crystals with multitudinous 
small pores, which is the equivalent of a number of small crystals. 
This increases the porosity of the peroxide, and therefore the 
capacity of the cell. : 

The principal factor which causes a variation in the capacity 
is the rate of discharge. The capacity of different types of plates 
with different discharge rates has been studied by Webhrlin. 
Curves shown in Fig. 29 are those for Planté plates and indicate 
the variation in capacity at different rates of discharge. Each 
curve represents the capacity obtainable for a given value of the 
terminal voltage, these final potentials ranging from 1.80 to 1.95, 
as indicated by the numerals at the end of each curve. 

Figure 30 shows variation in capacity of pasted plate cells 
with rates of discharge, and various terminal voltages, while 
Fig. 31 shows similar curves for the so-called ‘‘ mass plates,” 
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Variation in Capacity with Rate of Discharge. — Pellet Plates. 
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made up of large pellets or slabs of active material contained in 
a framework. 

These curves are instructive and should be carefully studied, 
as they are indicative of changes in the most important factor 
that the engineer has to consider in designing plates or storage 
battery equipments. 

Peukert* has formulated a law whereby the capacity of a cell at 
different discharge rates may be computed. His formula is of 
the general form: 

rxt=C (41) 
in which 


I = current rate of discharge, 

n = an exponential factor which differs for different types of 
plates, 

t = time of discharge, in hours, 

C = a constant. 


From this equation it is clear that the smaller is n, the less is 
the change in the ampere-hour capacity of a cell with varying 
rates of discharge. His experiments show that n has the following 
values: 


Plante platese en cain cee ee een 1.30 to 1.39° 
Pastedsplates tise: an eee nie 1.51 to 1.72 


If the capacity of any cell at two different rates be known, the 
exponent, n, may be determined for that particular cell. 


Since TS tae OR LPS tye Lees (42) 


in which I, is the current which is discharged for the time t,, and I, 
is the current which the cell can supply for the time t,. 
From equation, (42) 
log t, + n log I, = logt,+n log I, 
n(log I, — log I,) = log t, — log t, 


t. (48) 


* Hlektrotechnische Zeitschrift, No. 20, pages 287-897. 
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The capacity at any discharge rate Ix may be found by solv- 
ing for C, using the known quantities I,, n and t,, or I,, n and t,, 
then, 


Ce 


tx = 
i (44) 
and, 
C 
I{== 
= (45) 


Capacity at rate I, = tx Ix ampere hours. 

It is not to be understood that, when cells are discharged at 
a high rate, and less energy is obtained from them than when 
discharged at slow rates, that the total available energy in 
the battery has been taken out of it. If the cell be allowed 
to stand for a few hours, it will be found that it will give an 
additional discharge at the normal rate, and the sum of these 
two discharges will very nearly equal the output at the normal 
rate. 

No accurate general rule can be given for the rate of capacity 
decrease, with rate of discharge increase, as the various causes 
effecting the decrease will vary in degree with different types of 
plates and also with different temperatures. 

If the plates are of large active area, 7.e., finely subdivided, the 
layer of active material thin and porous, and the electrolyte 
ample in quantity and of proper density, so that the rapid forma- 
tion of a surface of sulphate is prevented, it is obvious that the 
decrease in capacity will be less with high discharge rates than is 
the decrease with plates carrying the same quantity of active 
material in a thicker layer of less porosity and surrounded by a 
small quantity of electrolyte of high density. 

Though there is no practical law applicable to every type of cell, 
it is important that some rough general rule be formulated in 
order that the engineer may be able to intelligently design a plant 
to meet conditions of load without battery exhaustion. The 
following tables give the variation in capacity with different dis- 
charge rates of three types of batteries, viz.: The Planté, positive 
and negative; the Planté, positive and sponge-lead pellet negative, 
and the Faure positive and negative, the data being taken from 
experiments on three different makes of cells. 
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TABLE XI. 
PERCENTAGE OF CAPACITY VARIATION AT DIFFERENT DISCHARGE RATES. 
c = 
Per cent of capacity at 8-hour rate. 
Rate. Planté pos. 
Planté. pellet neg. Pasted. 
(1) (2) (3) 
8 hour 100 100 100 
7 ay 99 97 96 
6 as 964 934 92 
5 be 93 89 864 
4s 88 83 80 
3 oh 80 5) ‘ 72 
2 ee 70 65 61 
ee 63 574 534 
1 oy dO 50 46 
lf 


From these data are plotted the three curves shown herewith in 
Fig. 32 with the rates of discharge as the abscisse and percentage 
of capacity as ordinates. These curves correspond in general 
form to those obtained by Wehrlin. 


Per[Centoft] 
8 Hour-Capac. L | : 
100 
90 e [ol | 


ra 
80 +4 re Na ' H 
CI 


"EEE FH a 
sess TiaeE FEE 


WEE EEEEEEEESEEEEEEEEEEEEEH 
EEECEEEEEEEE EEE 


8 7 6 5 4 3 2 u 0 
Discharge Rate in Honrs 


Fig. 32, Variation in Capacity of Various Types of Plates with Discharge Rate. 
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The table and curves show that the capacity percentages of 
the Planté positive and pellet negative as given in the second 
column of the table may be taken as fair averages for making 
calculations of battery required to meet given conditions. Greater 
accuracy than this is not necessary, as the other variables, par- 
ticularly temperature, make an exact calculation practically 
impossible. It is, however, advisable to secure from the manu- 
facturer a set of discharge curves of his particular battery before 
laying out a plant. 

A simple, practical formula for computing the normal capacity 
of a cell at the 8-hour rate when its output at some other rate is 
known, though not so accurate as that of Peukert, is 

Text x Ke AGH: 
in which I = Discharge current in amperes, 
T = Time of discharge in hours, 
K = Factor in table corresponding to rate of dis- 
charge, 
A.H. = Capacity in ampere hours of cell at 8 hour rate. 


TABLE XII. 


TABLE OF FACTORS ‘“K.” z 


00 
03 
07 
13 
21 
33 
54 
74 
00 
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Conversely, if the capacity of a battery at the 8-hour rate is 
ei As EL Se : Z 
known, its capacity at some more rapid rate is Au , in which K 


is the factor in the table corresponding to the time of the higher 
discharge rate. . . 
These factors are principally of value in computing the capacity 
of battery required to discharge at varying rates for a given 
length of time, an example of which is given in a subsequent 
chapter, 
Since the capacity is dependent upon the length of time which 
a battery can continue discharging before the voltage falls to some 
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fixed value, it is obvious that for a given set of electrodes, the 
capacity for any rate of discharge is dependent on the rate of 
diffusion, which in turn is dependent on the thickness of the active 
material and its porosity, which two factors fix the rate of diffu- 
sion. One evidence of this is the fact that with increase in rate 
of discharge, the capacity of the positive plates diminishes more 
rapidly than the negatives, for the reason that the lead peroxide 
is not so porous as the sponge-lead, and the diffusion takes place 
more slowly in the positive plates. 

To show the dependence of capacity on the rate of diffusion, 
Liebenow made an experiment, the apparatus employed being 
shown in Fig. 33. A vessel is set inside a larger vessel, the smaller 
having a hole cut in its side and a per- 
oxide electrode sealed into the opening. 
This electrode was of such a character 
that with a slight pressure, electrolyte 
would be forced through it, passing 
through the pores of the active material. 
A negative electrode was suspended in- 
side the small vessel, which was then 
filled with electrolyte. The static head 
forced the electrolyte through the pos- 
itive plate, the liquid being caught in 
the outer vessel. Discharges were taken 

Fic. 33. Test for Increase of between the two plates: first, with the 

Capacity with Circulation. inner and outer vessels filled to the same 
level, so that the static head on each side was in equilibrium 
and there was no pressure to force the electrolyte through the 
positive plate; after this, the discharge was taken with the outer 
vessel only partially filled, thus producing a static head to force 
the acid through the plate. On the first discharge, without forced 
circulation, 14.4 ampere hours were obtained. On the second 
discharge, with forced circulation, 41.6 ampere hours were obtained 
from the same pair of plates, or a capacity nearly three times 
greater than the plates could furnish when dependent on diffusion 
only, for their supply of electrolyte. 

Duncan and Wiegand* made some experiments in 1889 to 
determine the rate of diffusion. They soaked plates weighing 
about 700 grams in electrolyte having a density of 1.175, and then 

* Transactions A.I.E.E., Vol. VI, page 217. 
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immersed them in a vessel containing a known weight of pure 
water. By means of a hydrometer, they determined each minute 
the quantity of acid which had been diffused from the plate into 
the water. Both lead peroxide and sponge-lead electrodes were 
tried, and each was tested after being fully charged, and after- 
wards were discharged and again tested. 
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Fic. 34. Rate of Diffusion in Pores of Active Materials. 


In Fig. 34 are shown curves which give the results of these 
tests, and they indicate that the rate of diffusion is at first very 
rapid, and then gradually diminishes as the difference of density 
between the external and internal masses of electrolyte becomes 
more nearly equalized. 

Curves 1 and 2 show the rate of diffusion for the Pb and PbO, 
pellets, respectively, when charged and subjected to the above 
described treatment, while curves 3 and 4 show the rate of diffu- 
sion when the plates are discharged. The effect of sulphation is 
obvious from these curves, and shows that diffusion is greatly 
retarded on discharge by the sulphated condition of the active 
material. 

The capacity varies with the thickness of the plate and the 
density of the acid, as has been previously indicated; these two 
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factors are interdependent, and their combined effects are modified 
by the rate of discharge. 

Jumau made a series of tests to determine the effect of the 
thickness of active material, the results of which are shown in 
Figs. 35 and 36. Fig. 35 shows the variation in capacity of 
positive plates at a number of different discharge rates, for different 
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Fig. 35. Variation in Capacity of Positive Plates with Thickness of Active Layes. 


thicknesses of active material, the outputs being given in ampere 
hours per square foot of plate surface. Fig. 36 is a similar series 
of curves, showing the same variations for the sponge-lead plate. 
From these, it is clear that the higher the rate, the less is the 
capacity per unit mass of active material, whatever its thick- 
nesses, and, also, the increase in thickness of active material 
does not produce a corresponding increase in capacity under 
any conditions of practical discharge. 

Liebenow has devised a formula for computing the influence 
ot the thickness of active material, which is approximately ex- 
pressed by the equation: 

M 
1 +al-d 


in which Q is the capacity in ampere hours, a and M are con- 


Q= (46) 
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stants, I is the current rate of discharge per square decimeter and 
d the thickness of active material in millimeters. 
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Fia. 36. Variation in Capacity of Negative Plates with Thickness of Active Layer. 


Another formula showing the influence of thickness of active 
material on capacity, is that of Dolezalek, which is: 


Q 


in which 


_ 3.71 + 0.438 d 
~ [0.40 


, 


= ampere hours per square decimeter, 


d = thickness in millimeters from surface to grid, 


I = current per square decimeter, in amperes. 


This formula is not general. 


(47) 


It applies only to cells having 


electrolyte densities of approximately 1.250 and within the limits 


of usual practice. 
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The capacity is also influenced by the density of the electrolyte. 
For any plate having a given thickness of active material, there 
is some particular density at which the maximum output is 
obtainable, and if the acid has a greater or less concentration than 
this specific gravity, the capacity will be diminished. Further- 
more, this concentration for maximum capacity varies for each 
rate of discharge. 

Experiments on the influence of electrolyte density have been 
made by Heim, Earle, Jumau, and others. Figure 37 shows curves 


Specific Gravity 


11 1.200 1.300 1.400 
16 as 110 
3 
oO 
> 
H 
oO 
2 
12 3 
© 2 
Z : 
. 5 
g 3 
Is, 
58 


Ampere-hours 


14.35 27.30 39.20 50.11 59.70 
Per Cent H»S0O4 


Fic. 37. Variation in Capacity of Different Plates with Electrolyte Density. 


plotted from data taken from the observations of Heim and Earle.* 
In these is clearly shown the variation of capacity with the density 
of electrolyte, the maximum point shifting with change in thickness 
of the active material. 

Jumau’s experiments were much more extended, and the results 
obtained by him are indicated in Fig. 38. The full lines show the 
capacity when the cell is discharged down to 1.80 volts, while the 
dotted lines show the capacity at the same current rate discharged 
down to 1.70 volts. The rates varied from the 25-hour down to 
the 3-hour rate. 

* Zeitschrift fiir Elektrochemie, Vol. II, 1895, 1896, p. 559. 
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The discharge rates adopted in the tests, from which these 
curves were taken were: 


Aanda 25 hour rate giving 11 ampere hours. 
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Fia. 38. Variation of Capacity of Different Plates. 


It is to be noted that the full and dotted curves have the same 
general form. 

The plates on which these tests were made were of the pasted 
type, made up of grids having a number of small rectangular holes 
passing from face to face, in which was inserted the active material, 
in the form of plugs, the thickness of these plugs being 7 milli- 
meters. 

As may be seen, the maximum capacity at the lowest rate was 
obtained with electrolyte having about 27% H,SO,, while the 
maximum capacity for the highest rate was obtained with 41% 
electrolyte. These curves show how widely the density of 
electrolyte for maximum capacity changes with change in dis- 
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charge rate, and indicate that the higher the rate, the higher must 
the density be also, to give the maximum capacity. 

It might be supposed that the higher the electrolyte density the 
greater would be the capacity in any case. The reason a maxi- 
mum point exists is, if the acid be too weak, the concentration 
rapidly falls with discharge, and the capacity is therefore 
decreased. If the acid density, however, is too high, the resist- 
ance of the elements increases, because the internal resistance of 
the active material, after sulphation begins, is dependent largely 
on the resistance of the mass of acid in the pores of the active 
material. 

Since the minimum resistance of sulphuric acid solutions lies 
between the specific gravities of 1.220 and 1.230, the electrolyte 
having the minimum average resistance will be that which most 
nearly keeps within these limits throughout its range of gravity 
changes. Obviously, the thicker the active material, or the 
higher the rate, the less opportunity there is for diffusion, and 
therefore the higher must be the initial density of the electro- 
lyte to keep most nearly to the range of minimum electrolyte 
resistance. 
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Fa. 39. Variation of Capacity of Different Fic. 40. Variation of Capacity of Different 
Positive Plates with Electrolyte Density. Negative Plates with Electrolyte Density. 


Figures 39 and 40 show the variation in the capacities of the indi- 
vidual electrodes of the cell in the foregoing experiments. F ig. 39 
represents the changes in capacity of the positives, while Fig. 40 
represents the changes in the negatives for the various discharge 
rates and electrolyte densities. 

As may be seen, the maximum point is more sharply defined 
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and the capacity sinks more rapidly on either side of the maximum 
point in the case of negatives than with the positives. 

Other experiments of Jumau are shown in Figs. 41 and 42. 
The first of these two sets of curves represents discharge of a 
certain cell at a low rate with three different densities of electro- 
lyte: namely, 1.310, 1.220 and 1.110, while the curves shown in 
Fig. 42 indicate the capacities obtainable from the same cell 
with the same densities of electrolyte at very high rates of discharge. 
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Fic. 41. Variation of Cell Capacity with Different Electrolyte Densities. 
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Fic. 42. Variation of Cell Capacity with Different Electrolyte Densities. 


If this experiment were considered alone, it would appear that 
the higher the electrolyte density, the greater is the capacity, but 
the other experiments of Jumau, together with those of Heim and 
Farle, before given, show that for each rate there is some particular 
density at which the maximum capacity is obtainable. 

Since the active material is more porous at high temperature 
than at low, and the resistance of the electrolyte is diminished and 
the diffusion increased with rise of temperature, it follows that 
the capacity is augmented with increase in the cell temperature. 
Taking the capacity at 60 degrees F. as the standard, it will 
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increase or decrease from 0.7% to 1.5% per degree F., above or 
below 60 degrees, depending on the character of the electrodes. 
The change is greater with pasted electrodes having thick layers 
of active material than with the thinner layers of Planté plates. 

The capacity is reduced by local action or internal discharge. 
The density of the electrolyte is the best guide as to the con- 
dition of charge of the plates. Specific gravity readings will show 
how much of the SO, has been absorbed, and therefore how far 
the sulphation of the active material has proceeded. 

In all the foregoing discussions, it has been assumed that a 
sufficient quantity of acid is always present. In certain types of 
cells, however, such as those used for electric vehicle propulsion, 
there may be a deficiency of acid, in which case the capacity will 
fall off more rapidly with a given rate of discharge than has been 
indicated in preceding parts of this chapter. 

Following is a table showing the weights of several sizes of cells 
made by various companies in America and corresponding weights 
of complete cell per ampere hour. Capacities given are at the 
8-hour rate. 


TABLE XIII. 


800 Amp. hr. || 1600 Amp. hr. || 2400 Amp. hr. |} 4000 Amp. hr. 
erade amd. wt. | Lbs. || wt. | Lbs. {| wet. | Lbs. || we. | Lts. 
Total | per A. || Total | per A. || Total | per A. |} Total | per A. 
in lbs. | Hour. |} in lbs. | Hour. || in lbs. | Hour. || in lbs. | Hour. 
Westinghouse... . 700 | 0.875}] 1125 | 0.704}| 1555 | 0.65 2455 | 0.614 
Goulden a aera: 495 | 0.618 925 | 0.577|| 1855 | 0.565]] 2215 | 0.555 
Elec. Sas Comue 482 | 0.605 829 | 0.518)| 1207 | 0.502}} 1921 | 0.481 
Bijur........++.. 469 | 0.588 858 | 0.558]] 1325 | 0.532]; 2018 | 0.502 
WHMOMEN GS ao oo ac 544 | 0.68 986 | 0.617]| 1428 | 0.595}| 1871 | 0.478 


Col. R. E. Crompton, in 1890, called attention to the fact that 
cells exposed to the light of the sun or of are lamps give a lower 
capacity than when kept in the dark. 

M. U. Schoop, in 1900, made a series of experiments in which he 
found that the action of sunlight on newly applied lead peroxide was 
to lighten its color to a reddish hue, and from this fact he reasoned 
that a chemical change was produced. Dr. Franz Peters, how- 
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ever, made a similar experiment after Schoop’s announcement 
of the change effected by sunlight, and found that the color 
was changed as Schoop had stated but the chemical composi- 
tion had not been affected.* Peters therefore ascribes the color 
change to a physical molecular effect and not to any chemical 
reaction. It however is probable that this physical change has 
the effect of reducing the capacity as originally discovered by 
Crompton. 


* Centralblatt fiir Accumulatoren, No. 16, 1900. 
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INTERNAL RESISTANCE. 


Tue internal resistance of a cell is made up of four factors, 
namely: (1) the resistance of the metal of the supporting grid; 
(2) the resistance of the active material itself; (3) the resistance of 
the electrolyte contained in the pores of the active material, 
(4) and the resistance of the mass of electrolyte surrounding the 
plates. All of these are practically negligible, except the resist- 
ance of the active material and the electrolyte in the pores of the 
plates. A cell in good condition has an internal resistance which 
is very small and the PR loss during discharge is seldom over 5%, 
and at low rates may be as small as 2%. 

The internal resistance varies with the temperature of a cell, 
decreasing as the temperature increases. 

Also, as might be expected from considerations of dilution of 
acid in the pores and sulphation on discharge, the resistance rises 
until at the end of discharge a maximum is reached which is from 
two to four times as great as the value at the beginning of dis- 
charge; conversely the resistance decreases from beginning to end 
of charge. 

It is practically constant for any current rate of charge or dis- 
charge, but varies as the amount of charge in the cell changes. 
The curves shown in Fig. 43 indicate the manner and degree of 
this variation. It is seen that the resistance drops on charge 
until a minimum is reached, after which the change is almost 
inappreciable, the resistance becoming practically constant. 

On discharge, the resistance begins to rise slowly, and then more 
rapidly as the discharge proceeds. The maximum resistance 
may be very high, depending on how far discharge is carried. If 
continued to the point of complete sulphation of the plates, the 
resistance may be many ohms. 

Methods for measuring internal resistance are given in the 
chapter on Testing. 


The most complete study of this subject has been made by 
110 
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Dolezalek and Gahl.* Their researches show that for a charged cell 
nearly all of the resistance is due to the electrolyte, the resistance 
of the other parts not being appreciable. 


Hours 
Fic. 43. Internal Resistance of a Cell. 

Figure 44 shows curves of variation in the resistance at the posi- 
tive and negative plates while discharging. These show that the 
resistance rises with discharge, just as has been previously indi- 
cated in this chapter; the principal increase, however, takes place 
at the positive electrode, the negative changing but little. 


0 1 2 3 
Hours 
Fic. 44. Internal Resistance of Individual Electrodes. 


Figure 45 shows a series of curves of variation of the internal 
resistance at the positive plates. Curves I and II are for positive 
plates of the pasted variety, while curve III is that for a Planté 
plate. The upper curves, 1, 2 and 3, are the discharge curves 
for these plates, and from a comparison of the two sets of curves, 
it becomes obvious that the final drop in electro-motive force 

* Zeitschrift fiir Elektrochemie, Vol. VII, 1901, page 429. 
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follows exactly the increase in the internal resistance. This is 
a confirmation of Wade’s theory, referred to in Chapter VU, 
namely: that the final drop in electro-motive force of a cell is due 
almost entirely to the increase in the internal resistance. 
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Fic. 45. Discharge and Internal Resistance Curves. 


When the rate of discharge is high, the internal resistance at the 
positive plate rises more rapidly than when the rate is low, and for 
this reason it has been believed that the internal resistance is 
dependent on the rate of current flow. This, however, is by no 
means true. The internal resistance is dependent on the amount 
of lead sulphate mixed or compounded with lead peroxide, the 
density of the acid in the pores, and the extent to which a mask- 
ing layer of sulphate has been formed on the outer surface of the 
plates. 

Obviously, the conditions which produce high internal resist- 
ance will be attained more quickly and carried to a further extent 
at high current rates than with low; and this is the manifest 
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Fic. 46. Reduction of Internal Resistance After Discharge. 


reason for the more rapid rise of the internal resistance with 
high current rates of discharge. The potent factor in producing 
a high internal resistance is the diminution in the density of the 
acid in the mass of the active material. This is clearly shown by 
the curve in Fig. 46, which is plotted from a series of readings 


INTERNAL RESISTANCE TERS 


taken from a discharged cell, the first observation being made 
immediately after opening the circuit at the end of discharge, the 
subsequent readings being taken at intervals of a few minutes. 
As may be seen, within ten minutes the internal resistance falls to 
practically its normal value and then remains constant. Clearly, 
the only effect which could have taken place was the diffusion of 
the strong acid from the surrounding body of electrolyte into the 
pores. The diffusion is greatly retarded by the layer of lead sul- 
phate which forms on the surface of the active material during 
discharge. 

In this experiment, the investigators discovered that there is no 
increase in the internal resistance of a cell at the end of charge, 
because of the liberation of free gases, which is contrary to the long 
maintained opinion of various authorities. 

The mere liberation of gases does not appreciably increase the 
resistance. If, however, the electrodes are so constructed that 
pockets are formed in which the gases may accumulate and thus 
shield portions of the plates from the electrolyte, the internal 
resistance will be augmented. 

The ohmic resistance is not the only cause of variation in the 
potential at the terminals of a cell with variations in charge and 
discharge. Polarization effects —which are counter electro- 
motive forces produced by the electro-chemical action of the 
current — also act with the resistance to raise the potential on 
charge and to lower it on discharge. 

The apparent resistance due to the combined action of resistance 
and polarization is termed “ Virtual Resistance ’’ and it is numeri- 
cally equal to the difference between the voltage of charge and that 
of discharge, divided by the sum of the current flows on charge 
and discharge. This is also equal to the difference between the 
voltage on open circuit and that on discharge, divided by the 
current flow. It is, of course, understood that the excessive rise 
when near gassing on charge, and the large drop near the end of 
discharge, are not determining quantities in this connection. 
Both are terminal conditions, and though they must be taken 
care of when batteries are used on constant potential circuits, 
they do not occur in the general operation. 

As will be seen later, certain coils on booster field windings are 
for the purpose of producing an electro-motive force in the arma- 
ture, which just compensates for this variation in the cell voltage. 
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Hence it becomes important to settle on some value which can be 
used in these calculations. 

The author has made a number of experiments to determine the 
potential drop in cells with varying rates of discharge and has dis- 
covered that the drop is practically a constant for any size or type 
of cell for a given time rate of charge or discharge, and a given 
state of battery charge. 

The following table and the curve shown in Fig. 47 show how the 


drop is related to the rate of discharge and is independent of the 
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Fig. 47. Drop in Cell Voltage with Rate of Discharge. 


size or type of cell. This latter is, of course, not strictly true, but 
is nearly enough so for all practical purposes. Accuracy requires 
a test of the particular battery or type on which information is 
desired, but for usual engineering calculations this table and 
curve given herewith are sufficient. Figures are for battery 
one-third discharged. 


TABLE XIV. 
Drop. 
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These values are for a continuous discharge of two minutes or 
more at the rates mentioned. Usually, however, the duration 
of the maximum rates is only momentary and the values reached 
on the 1, 14 and 2 hour rates will not be over 70 or 80 per cent 
of the figures given in the table. 

In the booster formule before mentioned, the factor referring to 
compensation for drop or rise at the battery terminals appears as 
the internal resistance of the cell, and it is necessary to put the 
data in this form, which may be done by the following formula: 

O09 
fae (48) 
in which 
R = virtual internal resistance of cell, 
D = 4-hour discharge rate. 


Any value of drop given in the table may be used if it be divided 
by the current corresponding to the rate to which it appertains. 
Thus, in a cell with a 4-hour rate of 100 amperes, the virtual inter- 
nal resistance would be 


se 000-ohn: 
100 


This drop will also vary with temperature, the condition of cell 
and electrolyte density, and the figures given are only averages. 

It must be remembered that in case of a number of cells, joined 
in series, the ohmic resistance of the connectors and leads to the 
booster — including switch contacts and other joints — must be 
added to the virtual internal resistance to obtain the virtual 
resistance of the battery circuit. 
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INTERNAL discharge, or local action, means a loss of energy in 
-the cell, and is caused by local currents in either of the electrodes 
which flow from one point to another, by reason of a difference of 
potential which exists in different parts of the same plate. There 
are two kinds of local action: One is the normal internal dis- 
charge which may occur in a cell in which there are no impurities 
in the materials, either of electrodes or electrolyte, and the other 
is an abnormal discharge which is caused by impurities in the 
cell. 

The normal internal discharge takes place only at the end of 
charge as will be later explained. It is of short duration and 
seldom of practical importance. 

The term “local action’? means the continuous, internal self- 
discharge and consequent reduction in capacity and the sulpha- 
tion of the electrodes. 

Any marked local action may nearly always be traced to im- 
purities in electrolyte, although they are occasionally found to 
proceed from impurities in the active material itself. Some of 
these impurities will attack only the negative plate, while certain 
others will attack both electrodes. 

Lead is slightly attacked by sulphuric acid, the degree varying 
with the strength of the acid. Lead in the presence of H,SO, is 
always covered with a very thin layer of lead sulphate, which 
protects the underlying metal. For this reason the sponge-lead of 
the negative electrode will be partially sulphated if the acid 
density be too high. 

Local action of any kind increases rapidly with the acid concen- 
tration and also with temperature. 

The sponge-lead is more susceptible of injury than the peroxide, 
owing to its finely divided state and being a highly electro-positive 
metal. Because of its porosity when fully charged, — that is, 


when in the state of pure sponge-lead unmixed with sulphate, — 
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it will, if exposed to air, oxidize so rapidly as to become hot, and 
is thereby hardened, after which it can only be reduced again to a 
useful condition by a long, developing charge such as was required 
for its original formation. 

The metallic impurities in the acid can cause no local discharge 
on the positive plate unless they be such as are easily oxidized. 
These act as oxygen carriers from anode to cathode, and thus 
cause a transfer of charge, which results in gradual internal dis- 
charge of both electrodes. All metals which are not precipitated 
on the negative plate and which occur in several degrees of oxi- 
dation have this property. Iron and manganese are examples, 
as will later be explained. 

Certain lead attacking acids or their salts, such as are used in 
the formation of the peroxide plates, will continue the formation 
process if introduced into the cells. This will cause a continuous 
‘increase in the cell capacity, but at the expense of the life of the 
plate, which becomes eaten away. 

A continuous increase in the capacity of a cell after the first 
30 or 40 cycles of charge and discharge is an indication of the pres- 
ence of some acid or salt of an acid, which in solution forms a 
lead dissolving electrolyte. 

At the positive plates there is but little chemical action of the 
electrolyte on the lead peroxide. The action of superoxide com- 
pounds, however, formed on charge, may be appreciable. Thus, 
oxygenated water, H,O,, transforms lead peroxide to lead hydrox- 
ide, which combination is accompanied by the release of oxygen, 
thereby tending to reduce the peroxide to a state of lower oxida- 
tion. This explains the reason why a positive electrode which is 
not attacked by ordinary electrolyte, if charged in water, has its 
active material gradually changed to a hydrate of a lower oxide, 
which forms in white flakes, and by reason of its great expansion 
detaches itself in particles from the surface of the electrode and 
floats on the surface of the liquid. 

Also, persulphurie acid, H,S,0,, decomposes PbO,, forming 
PbSO, and releasing O. 

Some authorities hold that the oxygen which comes off from the 
PbO, plates immediately after charge has ceased, is due to these 
combinations, and its appearance shows that an initial sulphation 
is taking place, automatically and independently of the discharge 
of any external current. 
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The possibility of any such phenomenon is very remote. The 
more rational explanation of the release of free oxygen is that a 
prolonged charge completely reduces the sulphate in the pores of 
the active material, thus allowing the electrolyte to penetrate to 
the metal of the supporting grid, which is normally protected by 
the sulphate which lies deep in the pores near the grid and shields 
it from the electrolyte. 

When the electrolyte is in contact with both the leaden grid and 
the lead peroxide of the active material on it, a local couple is 
formed which produces a discharge of the positive active material 
and the rate of discharge is naturally most rapid in those portions 
nearest the grid. 

In consequence the peroxide in the far interior of the pores is 
converted into sulphate, the action being accompanied by the 
formation of water and the release of oxygen. This is shown by 
the equation, 


PbO, 4° H,S0, = PbSO, + 1.04 ©. 


This process continues until a shield of sulphate is formed which 
shuts off the electrolyte from access to the grid. 

The local action between the grid and the active material of 
positive electrodes is greater with plates having pure lead grids 
than with those having grids of lead-antimony alloy. Some 
investigations made by Robertson show that these actions at the 
positive electrode are principally theoretical and exceedingly 
small in practice. 

The discharge of the negative electrode by metallic impurities 
proceeds from the formation of a local voltaic couple on the nega- 
tive plate by the deposition of the injurious metal on the plate, 
and since the two elements of this local couple are in contact it is 
short-circuited. 

If the deposited metal is more strongly electro-positive than 
sponge-lead, current will flow from the metal through the electro- 
lyte to the sponge-lead of the negative electrode. This tends to 
liberate hydrogen at the negative plate and thus more strongly 
charge it. Therefore in this case the negative plate would not be 
discharged. 

If, however, the metallic impurity is more strongly electro- 
negative than the sponge-lead, the current through the short- 
circuited local couple flows from sponge-lead through the elec- 
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trolyte to the metallic deposit, releasing hydrogen at the latter, 
while oxygen is liberated at the sponge-lead. 

This action produces lead sulphate, thereby discharging the 
negative electrode. 

Hence it follows that any metal which is electro-negative to 
sponge-lead, and in conjunction with it produces a couple having 
an electro-motive force sufficiently great to release hydrogen on 
the intruding metal, will cause a local discharge of the negative 
plate. 

The essential conditions which must be fulfilled in order that 
local action may take place, are: The electrolyte must be in con- 
tact with both the elements which form the active couple; the 
metallic impurity and active material must be in contact with 
each other; the difference of potential between the two elements 
which form the local voltaic couple must be sufficiently great to 
decompose the electrolyte. 

Dolezalek made a series of experiments to determine the elec- 
tro-motive force necessary to release hydrogen on various metals 
in ordinary battery electrolyte. 

In order to make these tests it was necessary to use the so-called 
hydrogen electrode. This is made of platinum covered with 
platinum black (or finely divided oxide of platinum) and which 
latter substance possesses an abnormal power to occlude gasses. 
With this electrode saturated with hydrogen, this pole of the test 
couple becomes in effect an electrode of hydrogen. 

When used as the positive pole with any other electrode as a 
negative, oxgyen is released at the former uniting with some of 
its hydrogen to form water, while free hydrogen is released at 
the opposite pole. The electro-motive force necessary to produce 
free hydrogen on the negative electrode is obviously the potential 
necessary to decompose the electrolyte with the chosen negative 
electrode, because there is no counter electro-motive force due to 
the couple itself, since one is hydrogen and the other covered with 
hydrogen bubbles which are continuously forming. Dolezalek 
found that the voltage of decomposition varies greatly with dif- 
ferent metals. The results of his tests are given in the following 
table: 
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TABLE XV. 
Platinum sponge or finely divided platinum............ .005 volt. 
Gold eae a bie oe see ee ice py oe 
Gos ne eo eee Me reat Aa mnome.d ay aoe OSiee 
Blatinums (plates)tisw so ace cart ee ee eee eee eer err om) 
Sil Ver yeteca ea execs co tiers wr cate eee ousseleaeravepeeeeemiers ere terevoke oneieeeteee 1 
INI Cle) ee ase fresco rectatn sipieteves Se sled oka ate oP tere serene eaten ere ae phil gh 
(Ghyj HE cooanansocnonnap0KoCObDODHoUGDDAE HOUND O00DKK pp SE 
OP Vo baci) ic tone near een ceny oreeicinid ominienon.a a Sexe acacioig. mk get 
Mercury. = geecn ava wae iets serie coins Wika ee cine aaa eee em alae 


The difference of potential between a hydrogen electrode and 
one of sponge lead, necessary to release hydrogen at the sponge 
lead, is 0.33 volt, in electrolyte of ordinary density. 

It therefore follows, that if any of the substances in Table XV, 
from platinum to copper inclusive and which have dissociation 
voltages lower than that of lead, are contained in the electrolyte 
and are deposited on the lead sponge, or appear as impurities in 
the active material, the conditions for local action will be present 
and self-discharge will take place. 

The intensity of the local discharge will be inversely pro- 
portional to the values of the electro-motive forces required by 
the various metals to decompose the electrolyte. Therefore, of 
the elements which will discharge the negative plate, platinum will 
have the most and copper the least injurious effect. 

It has been experimentally determined that if the solution con- 
tain one one-millionth of platinum, a rapid internal discharge 
of the negative plate will result. 

Instances have occurred in which the acid used for electrolyte 
has been considered chemically pure, having been distilled in 
platinum vessels, and in these batteries the negative plates lost 
their capacity and rapidly disintegrated. 

Plates which have been discharged by an appreciable quan- 
tity of platinum in the cell cannot again be made useful except 
by reversal. Other metallic impurities which form on the sponge- 
lead, in the course of time become covered over with a layer 
of sponge-lead and lose their power to discharge the electrode. 

The presence of injurious metallic impurities is indicated by a 
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continuous evolution of hydrogen from the negative plates when 
the cell is open- circuited. 

The concentration of the electrolyte has a marked influence on 
the rapidity of self-discharge at the lead-sponge element. 

Dolezalek explains this by stating that on discharge, hydrogen is 
evolved around the impurities in the acid, and these act as hydro- 
gen-electrodes and, therefore, with increase of acid concentration 
have their voltages also raised, and this voltage increase is ex- 
traordinarily great for variations in acid density, giving a corre- 
sponding increase in the ability to decompose the electrolyte and 
accelerate local action. 

In addition to the impurities cited above, which are harmful 
to the electrodes, the following are also injurious. 


(1) Hydrochloric Acid. 

This acts on the positive electrode to form chloride of lead from 
the PbO, and this substance afterwards changes into lead sulphate 
in the presence of the electrolyte. This means an internal dis- 
charge of the positive electrode. Also when the lead chloride is 
changed to lead sulphate the HCl is released and is free to combine 
again with the PbO, of the electrode. Hydrochloric acid, if 
present in sufficient quantity, also attacks the sponge-lead of the 
negative electrode, producing sulphation, followed by the regen- 
eration of the HCl as outlined above. 

It has been found, however, that after about one month, very 
small quantities of HCl are neutralized by the electrolytic and 
chemical actions in the cell and it then ceases to be harmful. 
Chlorine gas is liberated to a slight extent at the positive elec- 
trode during charge, and this action, continued, destroys the HCl. 


(2) Arsenic. 

This metal has no effect on the positive electrode but tends to 
discharge the negative; its duration in a cell is very short, however. 
It gradually disappears, partly as an arsenate of hydrogen and 
partly as metallic arsenic which falls to the bottom of the cell. 


(3) Nitric Acid. 
This is harmful to both electrodes. While it does not cause 
discharge of the positive it will corrode and eat away this electrode. 
It attacks the negative plate, forming nitrate of lead, which is 
afterwards converted into lead sulphate, the latter change being 
accompanied by the release of the nitric acid which again is free 
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to attack the sponge-lead. At one time it was believed that 
ammonia (NH,) would injure a cell by being absorbed into the 
electrolyte and there having oxygen added to it and hydrogen 
“abstracted by electrolytic action, become nitric acid (HNO,). 
This belief has been found to be without foundation, the tendency 
being to deoxidize HNO, and convert it into ammonia. 

It has been found, experimentally, that when nitric acid is 
present in a cell and accompanied by metallic impurities, the 
electrolyte becomes much warmer, on charge, than the normal 
heat rise, and instances have been known where this increase 
in temperature has been so great as to crack glass containing 
jars. 

This abnormal temperature increase 1s obviously due to certain 
secondary chemical reactions which take place in the cell. 

Excessive heating therefore indicates either a high internal 
resistance due to sulphate or impurities in the electrolyte. It 
must not be assumed, however, that all impurities will cause a 
noticeable rise of temperature. 


(4) Ammonia. 

Ammonia is, in itself, harmful and for some reason, as yet 
unexplained, causes a reduction in the capacity of the plates. 
It also causes “‘creeping”’ of the electrolyte over the edges of cells, 
by forming crystals of (NH,),SO, around the upper parts of the 
cell, and the electrolyte, by capillary attraction, is led over the 
tops of the cells. Batteries should therefore never be installed 
near stables, refrigerating plants or chemical works. 


(5) Iron. 

This is one of the most injurious substances of all the impurities 
that the electrodes may be subjected to, when present in appre- 
ciable quantity. It discharges both the positive and negative 
electrodes and unlike the other impurities discussed is not elimi- 
nated with time, but is permanent. 

Its action is that of an oxygen carrier. In the presence of 
PbO, it forms ferric sulphate in sulphuric acid, by abstracting 
oxygen from the positive active material. It then diffuses to the 
negative electrode, where it yields up its oxygen, thereby discharging 
the negative and changing to ferrous sulphate. In this latter 
condition it is ready to combine with more oxygen, which it 
obtains by travelling to the positive electrode. This continuous 
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action soon discharges both electrodes. Jumau states that 0.5% 
of iron in the electrolyte will completely discharge a cell in 20 
days. 


(6) Manganese. 

Knorre* has shown that manganese salts, which are sometimes 
mixed with red lead in making up active material mixtures for 
pasted plates, act in the same way as iron salts to carry oxygen 
from the PbO, plate to the Pb plate. 

Electrolysis forms either permanganic acid or manganic sul- 
phate. The former travels to the negative electrode and there 
yields up its oxygen, oxidizing the negative active material and 
reducing the salt to manganic sulphate. This reduced salt travels 
to the positive plate which gives up its oxygen to change the salt 
again to permanganic acid, and the cycle of action is repeated and 
continuous. 

A red or reddish violet coloration of the electrolyte indicates the 
presence of manganese. 


(7) Antimony. 

It is held by some authorities that antimony in a cell in any 
form or combination is detrimental to the negative plate. They 
maintain that where grids are made up of lead alloyed with anti- 
mony, some of the latter metal will dissolve out, in the form of 
antimony sulphate, travel to the negative plate, and there 
deposit itself, as finely divided, metallic antimony, on the surface 
of this electrode. A local voltaic couple is thus produced, and 
being short-circuited, a heavy local current flow will result, which 
discharges the negative electrode on which this deposit of anti- 
mony collects. 

The small particles of antimony are in time covered over with a 
layer of sponge lead and thus become inert unless there is a con- 
tinuous supply of antimony from the positive plate. The danger 
with antimony under this condition is that eventually there may 
be enough to diminish the porosity of the lead sponge active 
material and thereby seriously reduce the capacity of the negative 
plate. This has sometimes happened in batteries where the 
positive grids contain antimony. The lead covering effect, 
above mentioned, is to be explained as follows. The lead sul- 
phate in the negative plate resulting from discharge is not abso- 


* Zeitschrift fiir Elektrochemie, Vol. III, 1897, p. 662. 
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lutely insoluble but it is in dilute solution in the pores of the lead 
sponge. On charge it is deposited as in ordinary electrolysis, 
thereby covering the antimony particles. This explains the 
manner in which all metallic impurities, when present in small 
quantities, gradually become inert. 

In addition to the above effects there is a very marked, peculiar 
phenomenon resulting from the antimony of the positive grids 
being precipitated on the negative plates, viz.: the difference of 
potential between such negative plates and the electrolyte, at the 
end of complete or overcharge, and consequently the cell voltage, 
is less than when no antimony is present. This has usually 
been explained by assuming that there is a considerable local dis- 
charge between sponge lead and antimony. While there is a 
very slight local action, and such plates may reach the state of 
full charge somewhat later than the positive plates in the same 
cell, still, on continued charge the difference in potential between 
the negative plates and electrolyte remains low. The low voltage 
is a result of the extremely fine subdivision of the antimony on 
the surface of the plate. The same effect is even more marked 
with electrolytes of dilute acids between platinum electrodes. 
The voltage of water decomposition with sheet platinum elec- 
trodes is approximately 2.5 volts. If the platinum is covered 
with a layer of platinum sponge the voltage is decidedly reduced. 
If instead of platinum sponge, the electrodes are covered with 
platinum black (extremely finely divided platinum) water may be 
decomposed at little more than 2 volts. 

That the last mentioned effect results from antimony is clearly 
proved by adding antimony sulphate to the electrolyte, either in 
dilute solution or by sprinkling it in powdered form into the cell. 
A very small amount is sufficient to at once lower the charging 
voltage. Further it will always be noted that the voltage of cells 
containing positive plates with antimony grids is somewhat lower 
at the end of complete or overcharge, than where both sets of 
plates are of pure lead. 

It might be presumed that antimony could be thus used to 
increase the efficiency of a cell. It is not, however, a practical 
means for this purpose, as the capacity of the negative plates would 
probably be affected in time, and further, the influence is only 
marked at the extreme end of charge. The slight amount of local 
action would also somewhat reduce the ampere-hour efficiency. 
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It is a matter of common knowledge that some of the most 
durable and successful storage cells have their electrodes made 
up of antimonious lead grids, to which is welded, or otherwise 
fastened, the active portion. 

One manufacturing company, to whose records the author has 
access, has made a number of efforts to injure negative plates 
in their own laboratory by putting finely powdered antimony into 
the cells, but they have been unable to detect any appreciable 
change in the condition or capacity of the negative plates. 

Jumau states that antimony is particularly deleterious in a 
case of cells which stand idle. 

It has been discovered that metals which do not produce self- 
discharge when present in the electrolyte alone, if in company 
with one or more other metals of the same character, will cause 
rapid internal discharge of the battery. No reason has ever been 
assigned for this peculiar phenomenon, but it is well known that 
two or more metals, of nearly any kind, in the electrolyte have a 
deleterious effect. 

Metallic impurities which are positive to sponge-lead may reduce 
the efficiency of a cell, due to the fact that they deposit on the 
negative plate in their metallic state during charge, and increase 
the counter electro-motive force of the cell at the end of charge, 
and therefore make necessary a higher charging voltage than 
would be required if they were not present. When charge ceases, 
they redissolve and do not augment the potential of the cell on 
discharge. 

Differences of potential sufficiently great to effect decomposition 
of electrolyte, and therefore to produce local action, are sometimes 
caused, by the difference in density of electrolyte in the top and 
bottom of a deep cell acting together with some other source of 
local action, which in itself would not be high enough to decom- 
pose the electrolyte. 

Jumau* made a series of tests on negative plates by charging 
them fully and then allowing them to stand idle, immersed in 
the electrolyte, measurements being made after certain periods of 
time had elapsed. It was found that these plates became sul- 
phated, the degree of sulphation increasing with the time. 

The results of these investigations are shown by the curve in 
Fig. 48. Curve No. 1 is for negative plates immersed in electrolyte 

* Les Accumulateurs Electriques, p. 331. 
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having a density of 1.32, while curve No. 2 shows the increase in 
percentage of PbSO, for negative plates standing in electrolyte 
having a density of 1.19. The much more rapid sulphation of 
the first set of plates, as compared with the second, is obvious 
from these curves, and it indicates the rapidity with which local 
action at the negative plates increases with increase in density 
of electrolyte. 

Curve 5 of Fig. 48 shows the rapidity of sulphation of a negative 
plate standing in electrolyte having a density of 1.32 and contain- 
ing 0.32% of antimony and 0.09% of iron. It will be seen that 
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Fic. 48. Formation of Lead Sulphate in Idle Cells. 


this reaches a maximum sulphation within about one hundred 
hours, and the amount of sulphate formed is far greater than the 
amount formed on the negative plate in pure electrolyte of the 
same density as given by curve No. 1. 

The curves shown in Fig. 49 indicate the loss of charge for the 
positive and negative electrodes with time when immersed in an 
electrolyte containing 0.05% of iron and 0.072% of hydrochloric 
acid, 0.01% of arsenic, and 0.075% nitric acid. 

It will be seen that the negative plate is much more easily and 
rapidly affected than is the positive. The electrolyte might be 
considered as fairly good, as it contains less than 0.08% of any 
impurity, yet the local action has completely discharged the 
negative plate in 120 days, and reduced the capacity of the positive 
25%. 
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In Fig. 50 are shown curves of charge and discharge of three 
different negative plates which were fully charged, each in electro- 
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lyte containing certain impurities, the impurities in each case 
being different, after which the cells were set aside for twenty 


Discharge 


Fig. 50. Voltage Curves of Negative Plates against a Sponge Lead Electrode with 
Impure Electrolyte. 


days and the discharges then taken. Curves 1, 3 and 5 show the 
potentials of these negative plates, taken while discharging, against 
an auxiliary test electrode of sponge lead. Curves 2, 4 and 6 show 
the potentisls of these plates when being charged, taken against 
the test electrode, and the charge following immediately after the 
discharge and in the numbered order of the curves. “ 
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It will be noted that the discharge curve 5 gave no capacity 
whatever, the curve corresponding with the ordinate passing 
through the origin. 

It is instructive to compare the ampere hours required to charge 
the elements and the energy yielded by them after standing. 
The charge rate was one half that of discharge. 

Since all local actions are either chemical reactions or come from 
the flow of currents produced by local couples, the injurious effects 
are greatly augmented by increase in concentration of the elec- 
trolyte and it therefore is necessary to keep the electrolyte density 
within reasonable limits. 


CHAPTER XI. 
THE INFLUENCE OF TEMPERATURE. 


THE changes in ampere-hour capacity, voltage on charge and 
discharge, internal resistance and efficiency with variation in 
temperature are surprisingly great. The change of electrolyte 
density with change of temperature has been previously discussed 
(Chapter VI). 

The effects of temperature changes have been investigated by 
Heim, of Hannover, and others, and the experiments seem to have 
been carried out very completely and carefully. In Heim’s 
experiments,* the cells were fully charged up to point of copious 
gassing, the voltage readings at the cell being: 


ASL WLGOTEGS (COUN RM ry era ice NS ete: oie ant 2.70 volts. 
mS udepToes Once ike cee ed AIRS Sees ic Oe ee 2.58 volts. 
pane OST Eee ye Ri ee ie Ree en Sma oye ee 2.52 volts. 


These values show that the charging voltage decreases with a 
rise in temperature. 

The contrary is true, however, on discharge, the voltage being 
higher with increase of temperature. 

Figure 51 shows the charge and discharge curves of a cell at 14 
degrees C. and 45 degrees C., which bring out clearly the differences 
in voltage mentioned. The current density was .109 amperes 
per square inch of positive plate. 

Heim also shows that the internal resistance of the cell changes 
with variation of temperature, and his observations give the fol- 
lowing results for a cell of three positive and four negative plates 
having a total positive plate area of 18.9 square decimeters; 
normal capacity, 69 ampere hours and acid density 1.22 at 18 
degrees C. 

Internal resistance at 14 degrees C = 0.0023 ohms. 
Internal resistance at 45 degrees C = 0.0015 ohms. 


| 


* Hlektrotechnische Zeitschrift, September 26, 1901. 
129 : 
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This is a variation of .0008 ohms for 31 degrees, which is .0000258 
ohms per degree. 
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Fic. 51. Charge and Discharge Potentials at Different Temperatures. 
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At 0 degree C. the internal resistance would therefore be 0023 + 
14 (.0000258) = 0023 + .000362 = .002662 ohms. Taking the resist- 
ance at 0 degree C. as unity, the decrease per degree C. is .97%. 
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Most marked, however, is the influence of temperature on the 
ampere-hour capacity. Numerous tests on various sizes of cells 
show an increase which is practically of the same magnitude, but 
which does not seem to follow any general law. 

Figure 52 shows the variation in ampere hours output for a bat- 
tery discharged at a high rate, which rate is practically the same 
for each discharge, the temperature only being varied. These 
curves show clearly that the percentage increase is not a constant, 
but varies with the position on the temperature scale. 

The following table gives record of Heim’s tests, curves of which 
are shown in Fig. 51. It shows the effect of changes in tempera- 
ture on the ampere hour capacity; ampere hour efficiency, elec- 
trolyte density changes, voltage and watt efficiency. 


TABLE XYI. 
Densities of 
Current. Ampere hours. Average volts. electrolyte 
abe keos 

w |Density ; e. Volt Watt Oia 

5 per sq. |Charge. ae oo Site Charge. on am Effi- effi- |Charge. is BS 
< in. 3 H ‘| ciency.| ciency. 3 
20} .0685! 76 7a 93.5 1.241) 1.215 
32} .109 60.8] 57.6) 94.6 | 2.438) 1.938) 79.5 | 75.2 | 1.238] 1.224 
45) 20} .0685) 143 128 89.5 1.246) 1.209 
45) 32) ..109)) 128 108 85.0 | 2.326) 1.953) 84 71.3 | 1.246) 1.219 


4 


This table shows that the ampere hour and watt efficiencies 
decrease with increase of temperature, though the voit efficiency 
increases with the temperature. 

The electrolyte density was taken by removing a small quantity 
from the cell, bringing to 18 degrees C. and testing with a 
hydrometer. 

A noteworthy result of the change in capacity with heat is the 
apparent ability, by this means, to get more current out of a cell 
than is put in on charge. In the tests referred to, a cell was 
charged at 14 degrees C. with 61.9 ampere hours at a rate of .109 
amperes per square inch. After being heated to 45 degrees C. 
the cell delivered on discharge 96 ampere hours. Charged at a 
rate of .0685 amperes per square inch, and at a temperature of 
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14 degrees C., 76 ampere hours were put into the cell and it dis- 
charged 108.3 ampere hours after being heated to 45 degrees C. 

A further experiment was the charging and discharging of the 
cell at 14 degrees C. and allowing it to stand one and one-half 
hours. After recuperation, it delivered 8% more current. Under 
similar treatment in every respect, except that the cell was heated 
to 45 degrees C., while standing after the end of the first discharge, 
it delivered 33% more current after resting. 

As explained in Chapter VIII, this energy of discharge in excess 
of that put into the cell on charge, comes from previous charges 
which have not been completely abstracted on previous dis- 
charges. Of course no greater amount of energy than that which 
has been stored in the cell, can be taken from it. 

The explanation of these heat phenomena seems to lie in the 
increased porosity of the active material due to expansion under 
the action of heat, the increased circulation of the electrolyte, 
giving a more efficient use of the active material and the combin- 
ing SO, and more active chemical combinations. 

The fall of voltage on charge is due to increased diffusion, and 
reduction of resistance of the counter electro-motive force of polar- 
ization, by driving off the adherent and occluded gases. Possibly 
other causes may contribute to the voltage decrease. 

The variations in capacity with temperature changes depend for 
their absolute values on the thickness of the layer of active material, 
its character and its disposition, and the discharge rate. 

It is evident that the more porous the active material and the 
lower the discharge rate, the less will be the increase in capacity 
for higher temperatures. 

A rough, handy rule that somewhat approximates the degree 
of change in capacity with change in temperature is: | 
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the capacity at 15.5 degrees being taken as unity. 

The influence of heat up to 45 degrees C. seems to be in nowise 
detrimental to the plates used in these experiments nor to increase 
their depreciation. Heim suggests that if in practice and after 
prolonged usage at high temperatures it be demonstrated that 
within the limit of 45 degrees C. the durability is not impaired, 
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it would be good commercial practice to provide means for warm- 
ing battery rooms up to this point so that the increased capacity 
gained thereby may be made useful in helping to carry abnormal 
loads that come on railway systems on holidays and special 
occasions which occur at such widely separated intervals that it 
would not be wise to invest in extra batteries or generating ma- 
chinery to handle these sporadic overloads. It is, however, a 
well-known fact that excessive temperatures are injurious to 
batteries and tend to decrease their life. The temperature of 
38 degrees C. seems to be about as high as batteries should be sub- 
jected to, according to the experience and statements of battery 
manufacturers. 

The resistance of the electrolyte is subject to variation with 
temperature change, the temperature coefficient being negative, 
that is, with increase in temperature, the resistance decreases. 
Kohlrausch gives the following equation for the change in resist- 
ance with temperature: 


R= Rk, [1 — AG — 18)].- 50 
R, is the resistance at the given temperature t, R,, is the resist- 


ance at the standard temperature of 18 degrees C., and A is a 
constant called the temperature coefficient. 


TABLE XVII. 
Temp. 
Per cent of Density Res., Ohms Biehl 
H,S0, per cu. cm. A 
ab Ler: : 

15 Tea0s0 1.855 0.0136 

20 1.1414 1.544 0.0145 

25 1.1807 1.406 0.0154 

30 12207, 1.365 0.0162 

35 12625 1.392 0.0170 

40 1.3056 1.483 0.0178 

45 1.3508 1.636 0.0186 

50 1.3984 1.866 0.0193 

55 1.4487 2.204 0.0201 

60 1.5019 2.705 0.0213 

65 i eNewers 3.466 0.0230 

70 1.6146 4.679 0.0256 

ho 1.6734 6.639 0.0291 

80 ileeio 0) 9.141 0.0349 

3 82 1.7410 9.962 0.0365 
84 1.7635 10.310 0.0369 

86 1.7880 10.180 0.0357 

88 1.7880 9.775 0.0339 

ee 
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The preceding table gives the density, resistance at 18 degrees C. 
and the coefficient A for different proportions of H,SO, in the 
electrolyte. From these it will be seen that the greatest variation 
with temperature takes place with electrolytes carrying 80 to 
87% of H,SO, This is a matter of purely scientific interest, 
however, as no such densities are ever encountered in actual 
practice. 

As may be seen from the foregoing formula, the resistance 
decreases an amount varying from 1.2% to 3.7% per degree C. 
increase in temperature, the amount of change depending on the 
concentration. Between the densities of 1.100 and 1.300, which 
are the practical limits for storage cells, the variation in resist- 
ance is from 1.36 to 1.78% per degree C. 

In general, the effect of temperature increase is that the 


voltage is slightly augmented, by the amount T = as set forth in 


dT 
Chapter IV. The resistance decreases, therefore the potential 
difference is augmented; the diffusion is also improved, so that the 
electrolyte is able to penetrate into the pores of the active material 
more rapidly and efficiently; and all of these factors tend to increase 
the output of a given cell. 

Jumau has also shown that gases are liberated from the elec- 
trodes at lower voltages when the cell temperature is high than 
when it is low. His researches practically corroborate those of 
Heim. 

On a certain cell he found that at 13 degrees C. the potential 
difference to produce gassing was 2.76 volts, while at 47 degrees 
the potential difference was 2.58 volts. 

Laigre* conducted some experiments to determine the effect 
of temperature changes on a storage cell. These tests were 
made with plates of the Planté type immersed in electrolyte of 
1.225 specific gravity. From his observations Laigre deduced 
a formula showing the capacity of a cell at any temperature, if its 
capacity at some other temperature be known, which formula is: 


(Ge = (Or oe 0.77 Ui oil 


Cy is the capacity at any temperature, C, the capacity at zero 
degrees C., while t is the temperature to which the cell has been 
raised. This formula only holds between temperatures of zero 


* Kcelairage Electrique, Vol. XXIX, Noy. 2, 1901, page 149. 
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and 35 degrees C., and is at best only an approximation. Ob- 
viously, the real cause of the increase in capacity with augmented 
temperature lies in the more rapid rate of diffusion; and this rate 
of increase, therefore, must depend very greatly on the character 
of the electrodes and the disposition of the active material upon 
them. The capacity increase with temperature is far greater in 
the case of rapid discharge than with low discharge rates, as would 
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Fig. 53. Variation in Capacity with Temperature at Various Rates. 


readily be anticipated. At low rates of discharge the natural 
diffusion at moderate temperatures is sufficient to supply the 
needed H,SO, to the active material which lies beneath the sur- 
face of the electrodes; while in the case of rapid discharge, the rate 
of diffusion is not sufficiently rapid to maintain the electro-motive 
force at its proper value, and the temperature increase, which 
acts mainly to raise the diffusion rate, has therefore a far greater 
effect on the capacity at high discharge rates. The increase in 
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capacity may vary from .5 to 4.5% per degree C. increase in 
temperature, or from .3 to 2.5% per degree F. At the eight-hour 
rate, as a rough approximation, the capacity increase may be 
taken as 1% per degree F., the capacity at 60 degrees F. being 
taken as the datum. Fig. 53 shows the variation in capacity 
with temperature at different rates of discharge and clearly 
illustrates the foregoing theory. 

As has been mentioned in Chapter X, the local action increases 
rapidly with increase in temperature. This is due to the fact that 
all chemical reactions take place more energetically at high tem- 
peratures than at low ones, and also to the increased rate of 
diffusion. A formula for computing the change in rate of diffu- 
sion of electrolyte in the pores of the plates with change in tem- 
perature is: 


y= Dy, Lice 0.024e(b=eis), 52 


D,, being the coefficient at 18 degrees C., D, the coefficient at 
t degrees C. From this equation it may be seen that the aug- 
mentation of diffusion rate is 2.4% per degree C. 

The local action is increased with higher temperature because 
the resistance of the electrolyte, which forms a part of the path 
over which the internal discharge currents travel, is decreased 
with increasing temperature. At very low rates of discharge 
the capacity of a cell may actually be decreased by increase in 
temperature, because of the augmented local action. On the 
other hand, no increase in capacity can result from increase in 
temperature, as the rate of diffusion is rapid enough at normal 
temperatures for the cell to deliver its full output at low dis- 
charge rates. 

Jumau made some experiments to determine the variation in 
capacity with change in temperature on positive plates of the 
pasted or Faure type. These plates were mounted between 
negative plates, the latter having a capacity far greater than that 
of the positive, so that when the couple thus formed was dis- 
charged down to a point of exhaustion there still remained ample 
reserve capacity in the negatives, practically the entire decrease 
in potential taking place in the positive element. The results of 
these tests are shown in Fig. 54. From these curves it is obvious 
that the higher the rate the less is the change in capacity per 
degree increase in temperature, 
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Similar tests were made with single negative plates with posi- 
tives on either side, having capacities much greater than that of 
the negative plate, so that the change in capacity was 

1b practically all referred to the negative element. The 
“4 results obtained from these tests are shown in Fig. 55. 
a From these curves it may be seen that the higher the 
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rate of discharge the greater is the increase in the capacity for a 
given increase in temperature of the cell. The combined effect of 
temperature change on both the positive and negative gives a 
greater increase of capacity per degree increase of temperature at 
high rates than at low rates. It will be observed in Fig. 55 that 
the curves have a tendency to bend at a point corresponding to 
about 43 degrees C., and from this point to droop downwards, 
showing that the greatest capacity of the negative plates is at 
about 43 degrees F., and above this temperature there is little or 
no capacity increase. This is probably due to the fact that at this 
temperature the rate of diffusion has become sufficiently high to 
be able to produce the full discharge of the cell, and the rapid local 
action begins to cause a decrease in capacity. Any further increase 
in temperature, therefore, cannot augment the capacity but will 
decrease it by an amount equal to the increase in the internal 
discharge. These curves are strictly applicable only to the par- 
ticular type of plates used in these tests. 
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It is obvious that the increase in capacity with temperature is 
greater with thick than with thin plates, and alsc, there is a 
separate temperature coefficient for each type of plate, density 
of acid, and rate of discharge, and this coefficient is still further 
influenced by the porosity and the disposition of the active 
material on the electrodes. For this reason, pasted plates, in 
spite of their excessive thickness, frequently have a lower tem- 
perature coefficient than Planté plates with a thinner layer of 
active material, owing to the more porous nature of the active 
material on the pasted electrodes. 

The ampere-hour efficiency of a cell decreases with increase in 
temperature, and this reduction is caused by the augmented local 
action. The watt-hour efficiency, however, is usually greater at 
moderately high than at low temperatures, because the charging 
voltage required is diminished and the potential of discharge is 
increased, and these two effects more than counterbalance the 
diminished ampere-hour efficiency. The increase, however, in 
watt-hour efficiency is slight, practically negligible, and at very 
low discharge rates the reduced ampere-hour efficiency may be 
the commanding factor and the watt-hour efficiency be actually 
lower with increased temperature, as was the case in the tests 
made by Heim and referred to in the first portion of this 
chapter. 

A curious phenomenon, first observed and investigated by Dun- 
can and Wiegand in America, and independently by Professor 
Ayrton, in England, is the decrease of temperature of a cell on dis- 
charge. This decrease may be explained by the fact that sul- 
phuric acid is abstracted from water on discharge and therefore 
the liquid cools, this being merely the converse of the well: known 
fact that the addition of sulphuric acid and water is accompanied 
by the liberation of heat. 

On charge the battery heats from two causes, one being the 
addition of SO, to the liquid, due to its electrolytic liberation from 
the PbSO, The other factor is the PR loss, which, however, 
is not a constant for any current, as R varies widely. 

On. discharge the abstraction of SO, from the electrolyte tends 
to cool the battery; the ?R to heat it. 

The actual temperature change will be that due to the differ- 
ence between these two factors and up or down, according to 
whichever predominates. 
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Fig. 56 shows curves of temperature on charge and discharge 
and indicates the rise and fall of temperature with time. 
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CHAPTER gost: 
EFFICIENCY. 


Tue efficiency of a battery is the ratio of the useful current or 
energy given out on discharge to that put into it on charge. The 
ampere-hour efficiency is the useful discharge in ampere hours, 
divided by the number of ampere hours input on charge, and the 
watt-hour efficiency is the ratio of watt hours output to watt hours 
input. 

The work absorbed or given out by a battery is measured in 
watts, and only the energy or watt efficiency is of value to the 
engineer. 

The efficiency of a battery depends on: 

(1) The charging rate. 

(2) The discharge rate. 

(3) The virtual internal resistance. 

(4) Thickness and porosity of active material. 

(5) Density, quantity and diffusion of electrolyte. 

(6) Length of time elapsing between end of discharge and 

beginning of next charge. 

(7) Freedom from local action. 

(8). Temperature. 

The energy losses in a storage cell which tend to reduce its 
efficiency are (1) the I’R, or resistance loss; (2) local action, or 
internal discharge; (3) evolution of gas at the end of discharge; 
(4) irreversible chemical reactions. The first of these obviously 
varies as the square of the charge and discharge currents and with 
the first power of the resistance. The second depends on the 
density of the electrolyte, its temperature, the impurities which 
may exist either in the active mass or in the electrolyte, and the 
length of time between the end of charge and beginning of dis- 
charge, during which the local action continues— in other words, 
the interval of repose. 

It has been shown that the lower the rates of charge and dis- 


charge, the nearer the voltage curves approach together, and as 
140 
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the difference between these two represents the pressure loss, it is 
obvious that the efficiency is higher at low rates of charge and 
discharge than at rapid rates. The virtual resistance tends to 
increase the voltage of charge and decrease that of discharge, 
causing a loss of energy. The efficiency is therefore largely depend- 
ent on the virtual internal resistance, though it is influenced also 
by certain chemical effects, especially gassing. 

The thickness and porosity of the active material influence 
the values of the internal resistance and consequently the efficiency. 
Where the charging rate is rapid, the layer of active material 
thick, and diffusion imperfect, the voltage of the cell rapidly rises 
because of the high concentration of acid in the pores, which is 
unable to diffuse out into the surrounding electrolyte. This 
requires a higher charging voltage and the energy input is in- 
creased beyond the amount of actual energy stored.. This lost 
energy appears as heat, and it will be found that batteries sub- 
jected to a high charging rate always heat up to a temperature 
above that due to mere internal resistance. The physical concep- 
tion of the cause of the heat is the rapid concentration of H,SO, 
which is always accompanied by the liberation of heat. 

Certain secondary chemical reactions may also tend to increase 
the cell potential on charge and lower the efficiency. 

On rapid discharge, polarization is increased, and assists in 
reducing the battery voltage. Also the extreme dilution of 
the acid in the pores of the plates — the converse of the effect 
noted on rapid charge — causes the potential to fall rapidly, and 
assists to end the discharge more quickly. As an example of 
variation in efficiency, with charge and discharge rates, the follow- 
ing results of a test by Dr. Franz Peters* are given: 


TABLE XVIII. 


ie Charging rate. Discharge rate. Aang EEC Oe 
E per cent. 
Amps. Amps. pr. sq. in. Amps. Amps. pr. sq. in. 
10 121 9 .109 95.7 
10 373i! 6 .073 98.7 
16 .1935 9 .109 80.8 
16 .1935 6 .073 83.2 


* Centralblatt fiir Accumulatoren, Jan. 15, 1901. 
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The watt-hour efficiencies are not given, but these would show a 
ereater difference between moderate and rapid current rates than 
the above figures. 

It is not to be supposed, however, that if a battery be charged 
and afterwards discharged at a rapid rate, the ratio of output to 
input is the true efficiency. Whenever the output is far less than 
the input just preceding, it will be found that the succeeding 
charge will be less than the previous one. Also the recuperative 
capacity of the battery is much greater than if the discharge had 
been normal. In other words, if a battery be discharged at a 
rapid rate, the available energy is not taken out of the cell by the 
time the voltage falls to 1.8, and there is a considerable residual 
charge left. Failure to appreciate this fact has frequently led 
to erroneous determination of battery efficiencies. Efficiencies 
should be: calculated as the summation of a series of cycles of 
charge and discharge, all being at the same rate and under the 
same conditions. 

The efficiency of a cell is difficult to fix exactly, as the amount 
of charge is indeterminate, therefore no single test is sufficient 
to determine the efficiency. That portion of the charge given 
to the cell when the charge is nearly completed and when gas- 
sing begins, may vary considerably, and for this reason the only 
figure that can be used as the energy input required to bring the 
cell up to full charge is the average of a number of, say not less 
than seven, separate charges, each taking place after a discharge, 
which discharges are all at the same rate and stopped when the 
same final voltage has been reached. It is also necessary that 
several charges and discharges be taken before efficiency tests 
are made, because the influence of previous charges and dis- 
charges may greatly influence the records, and in some cases pro- 
duce an efficiency of over 100%. Thus, if a cell has been fully 
charged at a low rate, then discharged at a rapid rate, and dis- 
charge cut off at a given cell potential, say 1.8 volts, and a subse- 
quent charge be given immediately thereafter, it is obvious that 
the energy input required to fully recharge the cell is not as great 
as would have been required if it had previously been discharged 
at a low rate and a greater amount of energy abstracted from it. 
If, subsequent to this second charge, a discharge be taken at a low 
rate, a greater amount of energy may be obtained from the cell 
than was actually put into it on the immediately preceding 
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discharge, and the ratio of the input to the output may show an 
efficiency of considerably over 100%. As a matter of fact, the 
energy taken from the cell would come not only from that given 
to it on the immediately preceding charge, but also from the 
partial charge that the cell possessed as a result of having passed 
through the prior cycle of charge and discharge in which all the 
available energy was not taken from it. Also in order to obtain 
a true record of the efficiency, the temperature must be main- 
tained constant throughout a test. It is possible to charge a cell 
at one temperature, bring it to a higher temperature, and then 
discharge it, and on the discharge obtain an output greater than 
the preceding input. This excess energy of course comes from 
that which had accumulated from previous charges, and which 
lies dormant in every cell until its activity is increased by reason of 
more rapid diffusion and more energetic chemical action, both of 
which obtain at higher temperatures. 

The efficiency is also somewhat dependent on the acid density, 
as the resistance of the electrolyte varies with the percentage 
of H,SO, in the mixture; and the lower the resistance of the elec- 
trolyte the higher will the efficiency be. This statement applies 
only to cells which are fully chargec and subsequently fully dis- 
charged. Where cells are used for regulation of load and subject 
to high rates of charge and discharge for very short intervals of 
time, this statement does not hold. 

If a cell which has been rapidly discharged, be allowed to stand 
for a considerable time, the residual charge will be partly lost by 
the absorption of some hydrogen, and the ineffective combination 
of the PbO with the SO,. Therefore, the efficiency is higher if the 
charge and discharge succeed each other rapidly. This is the 
condition under which regulating batteries operate which equalize 
fluctuating loads. They also have the advantage of charging and 
discharging at a point where the charging voltage is below the 
gassing point, and the discharge potential is near its highest 
value. 

If eurrent be alternately taken out of and put into the cell at 
short intervals, the quantity of charge will not be materially altered, 
even though the rate may be rapid, because the time of charge or 
discharge is short. Therefore the point on the voltage curves of 
charge and discharge at which current is put into or drawn from 
the battery will shift but little. 


144 STORAGE BATTERY ENGINEERING 


Both B. Hopkinson* and Jumau investigated the action of cells 
on high charge and discharge rates lasting for brief periods of time 
and following each other in rapid succession. 

Fig. 57 shows the results of one series of Hopkinson’s tests 
and these are characteristic of all his investigations on this subject. 
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Fic. 57. Charge and Discharge Curves for Short Periods. 


Curves A are charge and discharge curves for a discharge of 
5-minutes duration and a charge for an equal length of time; B is 
for a 30-second, while C is for a 10-second charge and discharge, the 
discharge curves being plotted in a direction reversed to that of 
the curves of charge for better comparison between the two sets 
of curves. The energy loss is practically equal to the area ineluded 
between the pair of curves, similarly lettered, which refer to the 
test under consideration. As is clear, the shorter the time of 
discharge the less is the loss per unit of time and the higher the 
efficiency of the cell. 


* Electrician (London), Vol. XLVIII, Nov. 29 and Dec. 6, 1901. 
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The efficiencies as computed from the curves are 
Curve A, 93.4%; curve B, 96.2%; curve C, 96.7%. 


From which it appears that the shorter the cycle of charge and 
discharge, the higher is the efficiency; and in the case of regulating 
batteries in which the length of a cycle seldom exceeds one minute, 
an efficiency of 90% or more may be counted on. 

Jumau* in somewhat similar experiments found the efficiency 
to vary from 93 to 96%, thus corroborating the conclusions 
reached by Hopkinson. The reason for these high efficiencies for 
brief periods of charge and discharge lies in the fact that there is 
practically no change in concentration of the electrolyte in the 
interior of the active mass, and the only factors which act to 
cause a loss of energy between input and output are internal resist- 
ance and local action. Therefore the efficiency of cells on quick 
charges and discharges does not change with changes in acid den- 
sity, and Jumau’s experiments have shown conclusively that this 
is true in practice. 

As has been pointed out in Chapter XI, the watt-hour efficiency 
changes but little with the temperature; the ampere-hour efficiency 
is reduced, but the voltage loss is also diminished, and the prod- 
uct of the higher pressure and the lower ampere hours is prac- 
tically the same throughout ordinary temperature ranges. The 
general tendency is to slightly raise the efficiency with increase in 
temperature, except for low current rates of discharge. 

It may be mentioned here that batteries other than lead cells, 
and which have a low voltage, say from .75 to 1.3 volts, can never 
have a very high efficiency, however well they may perform their 
work. The reason lies in the fact that the lower the voltage of a 
cell, the greater is the ratio of internal resistance and polariza- 
tion drop to the cell voltage, and, consequently, the drop is a large 
proportion of the cell electro-motive force. Therefore, while such 
batteries may be useful for conditions where current cost is a 
secondary consideration — such as motor car work — they would 
hardly pay dividends in a central station where a difference of a 
few per cent in efficiency is often the determining factor in the 
selection of any apparatus. 

The density, quantity and diffusion of the electrolyte all have 
a marked effect on the efficiency of a cell. The density must be 


* Les Accumulateurs Electriques, page 362. 


146 STORAGE BATTERY ENGINEERING 


such that the resistance of the electrolyte is low; the quantity must 
be sufficient to prevent a great change in density on discharge, and 
the voltage is largely dependent on the rate of diffusion. 

If the diffusion is poor, the electrolyte in the pores of the plates 
will be subject to great concentration on charge and dilution on 
discharge, with a correspondingly augmented voltage in the one 
case, and diminished in the order. Therefore, if the quantity, 
density and rate of diffusion of electrolyte are of proper value, the 
result will be a low voltage on charge (up to the point of gassing), 
and a high voltage on discharge, and if a cell be deficient in these 
particulars the increase of the one and the lowering of the other 
will cause a loss of energy and a decrease of efficiency. 

If a cell be allowed to stand discharged, sulphation proceeds, 
and on subsequent charge a greater number of ampere hours at a 
higher voltage must be put into the cell to bring it up to full charge 
than would be required if the charge had been begun immediately 
after ending the discharge. The excess energy necessary to fully 
charge the cell represents a corresponding loss in efficiency. If 
internal discharge takes place, the amount of energy so used up 
is lost, as it does no useful work, and therefore the efficiency is 
decreased. Furthermore the positive plates or grids are un- 
necessarily corroded. 

Under usual conditions, the watt efficiency of a battery used 
for storage only — that is fully charged and subsequently fully dis- 
charged — is from 70 to 80 per cent. The larger the battery, and 
the higher the voltage at the end of discharge, the greater will be 
the efficiency. With large batteries, in which the charge is never 
continued very long after gassing begins and discharge is stopped 
at about 1.87, the efficiency of storage cells may be as high as 
85%. <A fair commercial figure is 80% for storage, and 92% for 
regulation batteries. 

Methods for determining efficiency are given in the chapter on 
Testing. 


CHAP TERE Tile 
TYPES OF PLANTE PLATES. 


Tue Planté process derives its name from Gaston Planté, who, 
in 1860, first produced a practical storage cell by passing current 
between two lead plates immersed in dilute sulphuric acid. After 
the expiration of a short time, a slight coating of peroxide of lead 
was formed at the anode, the cathode being unchanged. On 
reversal of direction of current flow, the peroxide was reduced to 
metallic sponge-lead by the hydrogen — the peroxide element 
having become the cathode— and the previously unattacked 
plate was peroxidized. This, then, constituted a storage battery, 
but of negligible capacity, as the layers of active material were 
infinitesimally thin, owing to the fact that the action of the 
oxygen on the lead can penetrate no further after a layer of per- 
oxide has been formed. 

By repeatedly reversing, Planté was able to increase the depth 
of the coating of active material sufficiently to produce a storage 
cell that compares favorably with any cell made to-day. It 
required, however, several months to do this, and was very waste- 
ful of electrical energy. Therefore the process is not a practical 
commercial one, but based on Planté’s original work, accelerated 
processes have been developed. All processes which produce 
active material upon the plate, and out of the base lead of which 
it is made, are now termed Planté processes. 

Since the layer of active material formed from the surface 
of a lead sheet is very thin, it is necessary to provide a large 
surface in order to form an appreciable volume of it. An ordinary 
sheet of lead subjected to a “ forming” process would have so 
small an amount of active material produced on it that the result- 
ing electrode would have but little capacity. 

For this reason, and also to provide secure lodgment for the active 
material, it is customary to make electrodes with grooves, ribs, 
laminations or other surfaces which present a greatly increased area 
to the action of the “forming” process for a given size of plate. 

147 
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The PbO, formed on such plates is mechanically held in the 
interstices. With positive plates, it is advisable to retain the active 
material between ribs or in pockets, as it sheds rapidly from 
exposed surfaces. 

Manufacturers frequently claim that the area of a ribbed or 
grooved plate is many times greater than the product of the length 
by the breadth. This is true only when the plate is unformed, 
and before it is ready for service. After formation the spaces 
between the ribs or lamine are practically filled up with active 
material, so that the area exposed to the electrolyte is substan- 
tially the same as that of the planar surface. 

The various methods of subdividing the surfaces of the lead 
plates to give a large area for the formation of active material 
are: Scoring; swedging; grooving; laminating; casting. 

Scoring consists in passing scoring wheels over the lead sheet. 
The sheet is passed slowly between two opposite sets of wheels 
which are very thin and are slightly beveled from the periphery 
towards the center. They are run in gangs of 200 to 400 wheels 
on the same axle, the number varying with the width of 
the plate. Where the edges of the wheel rims enter the lead, 
grooves are left, and between the wheel tracks the soft lead is 
forced up in the form of thin ribs or leaves, and raised above the 
surface of the original lead blank. As a result of this compres- 
sion, the lead of the ribs is very dense and tough. By making 
the ribs very thin, thereby getting a great number in a given size 
plate, a large area is produced. 

Figures 58 and 59 show the Gould Storage Battery Company’s 
plate, which is made in this manner, Fig. 59 being a section. 
The effective area is twenty times the original area of the plate, 
when the grooving is very fine. The thinnest ribs are .012 inch 
thick, while the heaviest grooving produces ribs .042 inch in thick- 
ness. The grooving is varied between these limits, the thickness 
of the ribs being made to suit the conditions under which the 
battery is to operate. 

Plates so made have the advantage of being a single integral 
mass, without joint or contact, and of allowing expansion to a 
reasonable extent. The web which is left in the center of the 
plate forms the grid, and gives conductivity. 

The raising of the ribs above the surface of the plate, so that 
the thickness of the grooved element is greater than that of the 
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original sheet, is clearly shown in Fig. 59. It is also to be noted 
that the entire surface of the plate is not grooved. Reinforcing 
ribs of the solid lead are left at intervals, as shown in the figures. 


“ Gould ”’ Plate. 


Fic. 58. 


Fic. 59, Sectional View of ‘‘ Gould’ Plate. 


Swedging. An example of a plate made by the swedging pro- 
cess is the “ National”’ plate. The swedging means consist of a 
number of cutting segments of sheet steel placed side by side on a 
shaft. These segments turn through a small angle, moving only 
partly around the axle and then turning back in the opposite 
direction — a sort of forward and back movement. The segments 
are gradually fed deeper into the plate, this movement continuing 
until the required depth of groove is obtained. As in the case 
where wheels are used, the lead ribs formed between adjacent 
segments are squeezed up above the plane of the original plate 
surface. 

The cutter segments are beveled from the thin edge of the 
periphery to about 4 inch from the edge and therefore cause 
the ribs to take a similarly beveled form. The gradual feeding 
in of the beveled segments compresses the lead ribs as they are 
squeezed up above the surface of the plate, thereby causing them 
to become very dense and tough. 
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At proper intervals, nicks or grooves are cut in the periphery of 
the segments so that strengthening ribs of ungrooved metal are 
left, transverse to the direction of the fine, scored ribs. 

Fig. 60 shows a plate made by this process before forming, 
while Fig. 61 shows the plate after formation. Cross and trans- 
verse sections of an unformed plate are shown in Fig. 61a. 


Fic. 60. “ National’ Plate (Unformed), 


Grooving. ‘There are two methods of grooving. In one the ribs 
are sliced out from the lead sheet by a tool on a shaper which 
moves back and forth, while at each forward stroke the plate 
advances transversely to the path of the tool just the thickness 
ofonerib. The tool therefore slices out one complete rib with each 
stroke, 
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The cutting edge is set at an angle with the plate surface, so 
that the ribs stand out at an angle with the surface, the inclination 
being upward from the central web. It is intended that the 
grooves will form pockets to hold the active material and prevent 
it from dropping off from the plates. 

Another form of grooving is by sawing out the slots and leay- 
ing a ribbed plate. This is, however, not much used. 


Fig. 61. ‘ National’? Plate (Formed). 


The Willard Storage Battery Company’s plates for stationary and 
train lighting service are of the Planté type. The plates are made 
from rolled lead blanks, ribs being formed by a grooving process. 

The method of grooving produces tapered ribs, each rib being 
thicker at the base where it joins the central web than at the top, 
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The center web in the positive plate is also tapered, being 
thicker at the bottom of the plate than at the top, thus insuring 
uniform action over the entire plate surface. Fig. 62 shows a Wil- 
lard plate and Fig. 63 is a cross section of it. 

Laminating consists in making up a plate of lead ribbon, the 
width of which is equal to the thickness of the plate, or by 
mechanical means, reducing a lead sheet to a series of lamine. 


= 


SecTION Y-Y 


SECTION X-X 


Fia. 61a. New Sections of ‘‘ National” Plate. 


An example of the former type made in America is the ‘‘ Man- 
chester”’ plate of the Electric Storage Battery Company, and 
shown in Fig. 64. 

This is made by passing lead ribbon between a pair of rollers, one 
of which is toothed. This produces a series of ridges or “ crinkles ” 
on one side of the ribbon, the other side remaining smooth, 
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“Buttons” or plugs are formed by rolling up a short length of 
the ribbon in a close spiral. These are pushed into circular holes 
which are cast in the supporting grid —this latter being a lead- 


or 


Figs. 62, 68. Willard Plate and Cross Section of it. 


Fia. 64. Manchester Plate. 


antimony alloy. The ridges, previously formed on one side of the 
ribbon, make a series of fine passages through from edge to edge 
of the button, which give a considerable area for formation of 
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active material. When the plates are formed, the plugs expand 
and make firm contact between the plugs and the grid. 


Fia. 65. Dujardin-Planté Plate. 


The D. P. Battery, made in 
fngland by Drake & Gorham, is 
shown in Fig. 65. The lamine are 
straight, and their ends are con- 
nected by casting a lead bar or rib 
on each side of the plate as indi- 
cated. It is to be noted that the 
side bars are not held together at 
the top and bottom by cross bars. 
This construction allows the plate 
to expand freely with discharge 
and to contract on charge. 

The Westinghouse plate, shown 
in Figs. 66 and 67,is an example 
of a laminated electrode in which 
the strips are formed by mechani- 
cal cutting through of the lead 


sheet. Fig. 66 shows the plate just after lamination and before 


Fig. 66. Westinghouse Plate (Unformed). 


it has been formed. Fig. 67 is a picture of the electrode after 
formation. As will be observed, cross ribs and reinforcing longi- 
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tudinal rods are formed by reducing the depth of the cut at equi- 
distant points along the length of the lamin. 

The Blot electrode is made up of laminations fashioned into 
long hanks. The laminations are alternately flat and corrugated, 
and all knurled. 

The length of a hank is twice the length of the plate into 
which it is to go, and about 1% inches wide. The thickness of 


Fic. 67. Westinghouse Plate (Formed). 


the plate, corresponding to the width of the lead ribbon form- 
ing the hanks, is 2? inch. The thickness of the lead ribbon is 
4 m/m. 

The hanks are wound about two narrow forked pieces at either 
end, these latter being made of lead-antimony alloy. When fin- 
ished, the hanks are cut. in two across the middle. The plate is 
made up by joining these half hanks to the upper bar of the plates, 
the end carrying the forked piece being fastened to the bar by 
soldering or burning the latter onto it. The lamin are also 
joined at the same end by welding them together solidly. The 
lower ends hang free and are prevented from moving sideways 
out of the plane of the plate by cross bars on each side. This 
does not interfere with the longitudinal expansion of the hanks. 
Fig. 68 shows an electrode made in this manner. 
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Casting. By cutting molds in steel or brass and injecting cast 
lead under heavy pressure, nearly any form of electrode can be 


produced. 

Usually the pressure is applied by 
means of a piston working in a cyl- 
inder, the latter having a valve at the 
bottom made of a steel ball lying in 
a properly fitted seat. Attached to 
the piston is a long lever handle by 
means of which the piston is moved. 
An iron pipe leads from the bottom 
of the cylinder to the mold. There 
is no valve in this pipe opening. The 
pump is placed inside the melting pot 
so that it is surrounded by molten lead. 
On lifting the pis- 
ton the lead runs 
in at the bottom 


Blot Plate. 


Fig. 68. 


ia. 69. Bijur Plate (Formed). 


opening of the cylinder, and on bringing down the piston the 
lead imprisoned by the ball valve is forced into the mold. 
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The Bijur plate, shown in Fig. 69, is an example of a laminated 
plate made by casting. The separate sections are cast, and after 
being laid in a second mold in their proper relative positions, the 
holding frame, which is a lead-antimony alloy, is cast around them, 
thus producing the complete electrode as depicted in the cut. 

By an ingenious process, the casting of the frame is accom- 
panied by a complete welding of the leaden “ grills”? or lami- 
nated sections with the frame at every point where the two make 
contact with each other. The reinforcing cross ribs in the grills 
are clearly seen in the picture. 
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Fie. 70. Tudor Positive Plate. 


Another form of east plate which has proven successful in Europe 
and lately in use in America is the Tudor plate shown in Figs. 70 
and 70a, the latter being a sectional view of the positive plate. 

As indicated, the plate is one solid casting without any special 
provision for expansion. The ribs run through from face to face 
thus allowing free circulation of the electrolyte through the plate. 
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In making up plates for formation, much careful experiment- 
ing must be done to find just how far the plate may be subdivided 
for a given character of service. 


WY ff With positive plates, too many 
Li 


ribs or laminze will allow the 
formation of more oxide than 
the plate can carry, and result 
n “ buckling,” or forcing out in 
the form of shallow pockets, 
certain portions of the plate. 
When the plate has expanded 
to its limit, and more material 
still forms in the plate, expansion must take place in a direction 
perpendicular to the plane of the plate, thereby distorting it. 

On the other hand, if the plate be not subdivided sufficiently, 
the area exposed will be small, and the capacity of the plate corre- 
spondingly limited. There is some particular number of ribs or 
lamine in each type of plate that gives the greatest possible 
capacity, within the limit of buckling or distortion. The depth of 
the layer of peroxide is a function both of expansion and plate 
capacity, and the number of subdivisions may be large with a 
thin formation, or small with a thick formation. It is in many 
respects desirable to have the formation as thin as practicable, 
and a large number of lamine. A thin layer of active material 
gives a more uniform voltage on discharge, admits of more rapid 
charge and discharge, and for batteries where the current rates are 
high, the thin layer is especially applicable. The active material, 
however, expands and contracts with discharge and charge, and a 
thin layer, offering a greater surface, must undergo a correspond- 
ingly greater degree of expansion and contraction than a thick 
formation, and therefore is more liable to peel off from the sup- 
porting ribs. From this, it follows that batteries which are to be 
charged to their fullest capacity and then discharged continuously 
to the minimum voltage, should be thickly formed. 

On account of its crystalline nature lead, when stretched, has 
pores opened in its surface into which corrosion may sink rapidly. 
This is shown by the fact that the lead ribs or similar members 
on the convex side of buckled plates are corroded much more 
rapidly than on the coneave or unstretched side. It is apparently 
true that plates having grooves or interstices filled with active 


Fia. 70a. Section of Tudor Plate. 
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material are subject to corrosion to a lesser extent than those 
where the grooves are empty, the latter plates depending on the 
superficial layer of active material entirely for their capacity. 
With filled grooves, the active material seems to serve as a pro- 
tective coating, retarding corrosion. 

The growth and buckling of plates is apparently a maximum 
with open grooved plates as distinguished from those having 
grooves which are filled. The growth of soft lead plates appears 
to be always a maximum in a direction corresponding to the length 
direction of the ribs. The growth in the cross direction is very 
‘small under normal conditions but may become serious if the 
plates are allowed to become sulphated or there is an abnormal 
corrosion of lead underlying the active material. The small cross 
sectional growth is explained by the fact that the porosity of the 
active material allows room to take up a further amount in the 
- grooves. The greater longitudinal growth is due to the fact that 
lead peroxide has a greater volume than the lead from which it 
is formed and there is considerable cohesion between the two: 
this results in a stretch in the length direction of the rib. 


t : : 1 
Fic. 71. Section of Planté Plate. 


Fig. 71 shows the cross section (enlarged) of a cast ribbed 
electrode with all dimensions of ribs, spaces and web. ‘These pro- 
portions have been found to be a good compromise between the 
various conflicting factors of plate design. 

As the lead portions of the electrodes subjected to formation 
expand greatly, or “ grow,” it is necessary to provide for this 
expansion in some manner as in the cases of the “ National,” Blot 
and other electrodes hereinbefore described. In the case of solid 
plates made from a single sheet of lead, the formation must be 
done carefully, so that the spaces between the ribs are just filled 
with active material. The ductility of the central web allows 
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it to distend somewhat to accompany the increase in length of 
the ribs; that is, if the dimensions of the plate be not too great. 
In the case of the ‘‘ Manchester’ positive plate, the plugs are 
pushed lightly into the holes of the supporting grid and the 
expansion on formation becomes useful in causing the plugs to 
tighten in place. 

The Westinghouse electrode, in the larger sizes, is made up as 
shown in Fig. 72 of a series of sections as indicated. The spaces 


between the laminations admit of lateral expansion. To allow 
expansion in the direction of the length of the ribs, rectangular 
openings 0, 0, 0 are cut in the plate at the corners of each section. 
The sections vertically adjacent are joined together by a transverse 
lead member M, the cross section of which is S-shaped. This 
cross rib, being unattached to the vertical ribs, is free to bend 
and thereby take up any change in the length of ribs of the 
sections. 

The large size National plates are made as shown in Fig. 73 and 
are also made up of small sections or units. These are welded at 
their upper edges to the supporting grid and small clips or projec- 
tions are fastened to the frame near the lower edge of the opening 
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in which the unit electrodes are fastened. These clips prevent any 
lateral motion of the units and cause them to remain in the plane 
of the plate. The supporting grid is a casting of lead and anti- 
mony alloy. 

Since the openings in the supporting grid are larger than the 
electrodes placed therein, and these latter are fastened on one side 
only, they can expand in every direction. 


Fig, 73, National ‘ Unit’’ Plate. 


The Bijur plate is also a “unit” electrode, being made up as 
described previously in this chapter and shown in Fig. 69. As 
will be observed, the units are made up of a number of lamina- 
tions braced by transverse ribs at frequent intervals. The sec- 
tions are held in place by being welded to the supporting frame 
at several points on the sides of the grills. 

These supporting points are located halfway between the trans- 
verse reinforcing ribs of the grills. Therefore, as these reinforcing 
ribs lengthen under the process of formation, the outer laminations 
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at each side of the grills simply bend slightly between the points of 
support. The grills being smaller than the openings in which they 
are placed, there is room for both longitudinal and transverse 
distention. 

The foregoing are only a few of the most important methods 
of making up plates for Planté formation, but illustrate practi- 
cally all of the types. 

For more extended data and descriptions of these and other 
forms of plates, no better references are to be had than the trade 
literature of the various storage battery manufacturers through- 
out America and Europe. 


CHAPTER XIV. 
METHODS OF PLANTE FORMATION. 


In the methods of formation to be described, the lead is attacked 
and finally converted into lead peroxide, probably passing through 
intermediate stages. After being fully formed as positive plates, 
all that are intended for negatives are reversed, the peroxides 
being changed into sponge-lead. 

Sheldon and Waterman have shown, by a very interesting 
experiment,* that as the Planté process of formation proceeds 
in sulphuric acid, the lead is first changed into lead sulphate, and 
afterwards into lead peroxide, an appreciable time element elaps- 
ing between the first and second stages. 

The experiment consisted in passing alternating current of 
various frequencies through two electrodes immersed in dilute 
sulphuric acid, and noting the frequency and resulting deposit. 
At low frequencies the deposit was brown peroxide, and at high 
frequencies, white sulphate only was produced, which fell from the 
plates as fast as formed. In the former case, the time of one 
impulse was long enough to form sulphate and change it into 
peroxide; in the latter, the impulse lasted only long enough to 
form the sulphate, which was thrown off on the succeeding impulse 
in the opposite direction. 

The methods of rapid or autogenous Planté formation may 
be classified as chemical, electro-chemical, electrolytic and amal- 
~ gamating. 

The electro-chemical may be subdivided into three groups: 

The first group is that in which one of the acids which 
dissolve lead, or a salt, the acid of which belongs to the lead 
dissolving class, is used in combination with some sulphate or 
carbonate. : 

The principal acids which dissolve lead are hydrochloric, nitric 

* The Formation of Lead Sulphate in Alternating Current Electrol- 
ysis with Lead Electrodes. Samuel Sheldon and Marcus B. Waterman, 


Physical Review, No. 22, Vol. IV (Jan—Feb. 1897). 
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and acetic. When these lead solvents are used, there must also 
be present a carbonate or sulphate, to act as a re-depositor of the 
lead which is dissolved by the acid. There can be many combina- 
tions of lead dissolving acids with carbonates and sulphates, a 
mixture of any of these being substantially the same in its effects. 
The difficulty with this character of formation is to rid the formed 
plate of the last traces of the acids which attack the lead. Unless 
these acids are completely removed, the forming process will con- 
tinue during the use of the plate, with the result that the plate is 
soon eaten away. 

The second group of electro-chemical formation is an accele- 
rated Planté process, in which the necessity of repeatedly revers- 
ing the current through the plates is obviated. 

This group is based on the theory that two peroxides which are 
present in the same solution tend to discharge each other. There- 
fore, if a formation proceeds in dilute sulphuric acid to which 
some peroxide has been added, the lead peroxide which forms on 
the surface of the plate, by reason of the electrolytic action, is 
deoxidized by the peroxide which has been added to the electro- 
lyte. This deoxidation takes place almost simultaneously with 
the primary oxidation, which is practically equivalent to the con- 
tinuous formation of lead sponge. The formation is therefore con- 
tinuous, and does not require reversals of current. 

The third group comprises the miscellaneous electro-chemical 
formations not included in either the first or second group. 

In processes to be hereafter mentioned there are, in many 
instances, specified proportions given of the chemicals which are 
used to make up the electrolyte. In very few instances, however, 
will these proportions be found correct, as the inventors usually 
specify wrong proportions to mislead competitors, and only 
reveal the chemicals used, there being nothing further than this 
required to protect their processes. For this reason, the proper 
proportions will generally have to be found by experiment. 

The forming baths may be acid, alkaline or neutral, according 
to the character of the sulphate or carbonate used and the pro- 
portion thereof used in the solution. 

If the electrolyte be extremely dilute, PbO, is not produced, 
but a lead hydrate is formed which detaches from the electrode and 
floats on the surface of the liquid. 

When formation takes place in neutral solutions, an important 
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superoxide hydrate of lead is formed, which gives great hardness 
to the active material. Additions, like mercury sulphate, favor 
the formation of proportionately harder superoxides, probably 
through the retardation of the changes in the sulphuric acid by 
the mercury salt. 

As a general rule, the higher the temperature of the electrolyte 
the less fast to the supporting conductor and the less hard is the 
resulting superoxide deposit. This also becomes more brittle and 
harder the lower the current density, other conditions being the 
same. The temperature of the bath should never exceed 90 
degrees F. 

Of the various processes, the electro-chemical seems to offer the 
best method for producing a durable plate, of high capacity and 
efficiency. 


CHEMICAL PROCESSES. 


Chemical processes of formation are practically obsolete. In 
general, the treatment of plates comprises the chemical corrosion 
of the lead to form lead hydrates, carbonates, or oxides, and sub- 
sequent electrolytic oxidization of the corroded material to 
PbO, or its reduction to sponge lead, in an electrolyte of dilute 
sulphuric acid. 

An example which illustrates this process is that in which a 
porous layer is produced on the surface of the lead plate by the 
action of dilute nitric acid. The acid should be very weak, usually 
about 1% of the mixture, the specific gravity at 60 degrees F. 
being from 1.005 to 1.006. About one quart of the fluid to every 
square foot of the lead surface is required. The plates are 
immersed in some vessel which will not be attacked by the acid, 
such as salt glazed stone ware, and the temperature is then raised 
to the boiling point of the liquid. This is maintained for a period 
of about twelve hours. The plates are then removed and exposed 
to the air, and after that again immersed and boiled for a short 
period, about seven hours. After removing the second time, the 
plates are washed with hot water, and afterwards in very dilute 
sulphuric acid. They are then formed in fresh sulphuric acid 
electrolyte, of specific gravity of about 1.15. The electrolyte in 
which the plates are formed should never be used when the plates 
are put into practical operation. 
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The objection to this process is that it is very difficult to remove 
the last traces of the nitric acid, and if any of it remains the active 
material is caused to flake off from the conducting support, due 
to the corrosion of the underlying metal. 


ELECTRO-CHEMICAL PROCESSES. 


The electro-chemical processes of Planté formation are now 
used almost universally. They are all based on the following 
general conditions. 

The plates to be formed are first carefully cleaned — usually 
by. chemical ‘ pickling.” They are then immersed in a forming 
bath of dilute sulphuric acid containing a small amount of some 
lead dissolving acid, or a salt of such acid. The plates are then 
connected as anodes and a current is passed through them, plain 
lead sheets — called ‘dummy ”’ plates — being used as cathodes. 
The current density employed must be low enough to preclude 
the possibility of gassing and to produce a corrosion of the plates; 
that is, it must be such that the potential difference between the 
plates and the electrolyte is below the critical difference of 
potential as set forth in Chapter Ill. This potential difference, 
and therefore the current density, depend on the concentration of 
the electrolyte, the temperature and the proportion of the lead 
attacking acid in the electrolyte. The structure of the resulting 
active material can be greatly varied by a proper choice of 
these factors. 

After the low current density has corroded the plate sufficiently, 
the rate is increased and the corroded material completely con- 
verted to lead peroxide. 

The lead corroding acids or salts simply accelerate the process 
by allowing a higher current density and therefore a more rapid 
rate of corrosion, than if the electrolyte contained only sul- 
phurie acid. 

The acids generally used are nitric or perchloric, though acetic, 
hydrochloric, tannic and other organic acids may be used. 

As per-chloric acid is explosive and some of the others are 
difficult’ to handle, it is customary to use salts of these acids 
instead of the acids themselves. 

An example of the electro-chemical process is that of Du 
Jardin, 
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In this method an electrolyte is used of dilute sulphuric acid 
one-half saturated with sodium nitrate (Boettcher recommends 
the addition of a small amount of acetic acid to the solution). 
The proportions given are: 1 part sodium (or any alkaline) nitrate; 
2 parts sulphuric acid; 10 parts water; proportions all by weight. 
The solution really becomes one of an alkaline sulphate with free 
nitric and sulphuric acids, so that the formation is practically 
one in nitric and sulphuric acids. The nitric acid which is formed 
becomes deoxidized, but it can be regenerated by forcing air into 
the bath. 

The texture and porosity of the lead peroxide is influenced by 
the addition of certain inert salts, such as magnesium sulphate, 
potassium sulphate and the like. Schoop has suggested the fol- 
lowing process. The bath of 5 kilograms sodium bisulphate; 
100 grams potassium chlorate; 45 liters of water. Current is 
passed through at the rate of 0.4 of an ampere per square decimeter 
of anode surface. After removing from the forming bath, the 
plates are put into sulphuric acid electrolyte of specific gravity 
of 1.100, and the current passed through in a direction opposite 
to that used in the first bath, the PbO, previously formed being 
reduced to lead sponge. Dummy plates are used for the opposite 
poles. This second step is for the purpose of removing the 
chlorine, and the electrolysis is finished when the brown plates 
become thoroughly reduced to sponge lead. These plates are 
then removed, washed well in water, and dried in air. They are 
afterwards further completely dried at a temperature of 200 
degrees C. This converts the sponge lead to a lead sub-oxide. 
This is afterwards converted to peroxide in an electrolyte of 
25% sulphuric acid, the current density being one ampere per 
square decimeter. The uniformity of the layer formed is increased 
by blowing air into the liquid. The temperature should be main- 
tained between 25 degrees and 35 degrees C. Time of formation 
about one hundred hours. 

Similar results were obtained with the same mixture, more 
dilute, using about twice the amount of water. The time required 
in the latter case, however, is about two hundred hours. 

The sodium bisulphate in the first forming bath can be replaced 
by sodium sulphate (Glauber’s salts) with the same relative 
concentration. The results, however, are not so good in the 
latter case. 
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Two interesting processes are the following: 


*SACHSISCHE ACCUMULATOR WERKE. 

This is a quick formation process, in which highly diluted sul- 
phuric acid is used, to which is added sulphuretted hydrogen 
(H,S), the latter being the corrosive agent. This process yields 
excellent results, but it has the objectionable feature that the 
sulphuretted hydrogen which escapes is not only highly objec- 
tionable on account of its odor, but to a certain degree poisonous. 

From the excellent results which plates so formed would seem 
to give, this would be a very satisfactory method, if the factory 
details for carrying on the formation in gas-tight rooms were 
properly worked out. 


BECKMAN. 

In this process, the plates are formed in an electrolyte consist- 
ing of a saturated solution of sulphurous acid in water. Sul- 
phurous acid being a gas, the formation must take place under 
pressure, in order to prevent the gas from escaping from the 
electrolyte. 

This is a quick formation process, and gives good results. 
There are no objectionable elements left which will attack the lead. 
The sulphurous acid, H,SO,, passes into sulphuric acid, H,SO,, 
under the electrolytic action. The sulphurous acid solution must 
be used immediately after its preparation, as it quickly oxidizes 
to H,SO,. In fact, both of these processes have the property of 
converting the lead attacking substance into H,SO,. 


ELECTROLYTIC PROCESSES. 


These processes are obsolete and it is questionable whether 
serviceable plates can be produced by them. 

They are typified by the electrolytic deposition of sponge lead 
on a sheet or grid connected as a cathode and immersed in a solu- 
tion of a soluble lead salt, a thin layer of PbO, forming at the same 
time on the anode. The tendency, however, is for the lead to go 
into solution from the anode, and layers of peroxide of practical 
thickness cannot be produced in this manner. 

It may be stated here that after many experiments along the 
line of deposition of sponge-lead from litharge dissolved in alkaline 


* German Pat., No. 127,275. 
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solutions, the author has become fully convinced that no success- 
ful battery plate can be so produced. Even compacting under the 
hydraulic press will not prevent rapid softening and disintegration 
after very few discharges. 


AMALGAMATING PROCESSES. 


There are many methods of amalgams in which lead is amal- 
gamated with cadmium, potassium, or any metal which can 
afterwards be dissolved, and then extracted. When the amal- 
gamating metal is thoroughly removed, in subsequent service the 
metallic lead is rapidly converted into PbO,. These processes, 
however, have never proved satisfactory or practical, as traces of 
the alloying metal are, in every instance, left behind. 

It is not to be supposed that this chapter covers every known 
method of Planté formation. It gives, however, most of the im- 
portant and well-known processes, though, as previously stated, 
the proportions of chemicals used are in many cases probably 
incorrect. 

It may be remarked that, after a system of formation has been 
perfected for a given type of plate, it does not always follow that 
this formation can be used satisfactorily on plates of other types, 
and it is sometimes difficult to transfer a formation process from 
one type of plate to another. The reason lies in the differences of 
exposed area, ability to hold the active material and amount of 
subdivision of the plates. Griscom * gave the results of some 
experiments which were made to determine the relative capacity 
of identical plates in the same cell. A cell having five positive and 
six negative plates was tested, in which the plates of like polarity 
were not joined directly together, but were connected, each set, 
to a common bus bar, with a resistance interposed between the 
plate and the bus bar. In this way, he was able to examine 
behavior of individual plates all joined in parallel and operated 
as a single cell. He discovered that in plates made of identically 
the same material, subjected to the same treatment and, so far 
as it is possible, made in every respect exactly alike, there was 
quite a difference of capacity. This difference ran as high as 30% 
on discharge down to 1.8 volts and when discharge is pushed 
below this point the difference became even higher. This differ- 


* Transactions A. I. H. E., May, 1894. 
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ence in capacity resulted in a discharge of a positive of high 
capacity into those of low capacity. He explains the phenomenon 
by stating that the low capacity plate keeps on discharging, but 
at a lower rate than the higher capacity plate, and finally reaches 
a much lower electro-motive force. On opening the circuit the 
plate, which has not. been discharged so far, rapidly recovers a 
higher voltage than its neighbor and therefore discharges into it. 
When, plates are joined to a common bus-bar, they soon attain 
identical capacities in service. 


CHAP THR: 
PASTED ELECTRODES. 


In 1880, Camille A. Faure, in France, and Charles H. Brush, in 
America, independently, and practically coincidently, produced the 
storage battery “ pasted” plate, consisting of an antimonious 
lead grid, to which the active material was mechanically applied. 
The original Faure cell had both the positive and negative plates 
coated with minium or red lead, which is an oxide of lead, Pb,O,. 
A comparatively short time was required to change the Ph,O, to 
Pb,O, (or PbO,) when connected as an anode, or to Pb when con- 
nected as a cathode, and the finished elements gave a high capacity 
per unit of weight. 

In this latter respect the pasted plate battery is superior to the 
Planté. All batteries in which a minimum weight is required can 
best be produced by the Faure system. It has the disadvantage, 
however, that the active material on positive plates has a tendency 
to “shed” or drop away from the grid, and the life of a pasted 
electrode in continuous active service is short compared to that of 
a Planté plate. 

This trouble has been partly overcome by the use of envelopes and 
shaping of grids to hold, more firmly, the applied material. 

Numerous types of grids and varieties of active material have 
been devised and are used in the manufacture of pasted plates. 
So great is the number that only a few of the most important ones 
can be described here. 


TYPES OF GRIDS. 


(A) Grips FoR PASTING. 

(1) Framework of perforated sheets or latticework which is double, 
and in which the openings on the two sides of the plate do not come 
opposite one another. 

To this first type belong the Correns, Fig. 74; the grid used in 
the pasted plates of the National Battery Co., the Gould Co. and the 
Electric Storage Battery Co., Fig. 75; that of the Helios Co., Fig. 76. 
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These grids clearly illustrate the type. The active material is put 
into the space between the two lattices which form the sides of 
the plate, being firmly compacted and pressed tightly against the 
ribs. When finished, the plate is smooth and solid, the active 
material being flush with the outer surfaces of the latticed sides. 

(2) Solid Perforated or Latticework Plates. 

To this class belong the Electric Power Storage Co.’s grid, 
which is shown in Fig. 77, and the Bése, Fig. 78. This last named 
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Fig. 77. Electric Power Storage Grid—Negative. 


grid is provided with expansion slots, as may be seen. These 
slots are not filled with active material, but left open to give 
flexibility to the grid. 

As may be seen, the sizes of the openings in the plates vary 
widely, and the designers’ judgment seems to be the only deter- 
mining factor as to the maximum area permissible between sup- 
porting ribs. As a matter of fact, the thickness of the plate, the 
character of the applied active material and the service battery is 
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to render all have an important bearing, though there is no definite 
law on this subject, and the question is one that can be settled only 


by experiment. 


Fia. 78. Bése Grid. 


(3) Corrugated and Solid Recessed Plates Not Perforated. 
Under this heading come the Tudor, Fig. 80, and Khotinsky, 


Fig. 81. 


a! 


Fig. 80. Tudor Grid, 
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The active material is laid on both sides of the plate and pressed 
securely into the grooves or recesses. These grids are no longer 
manufactured. 
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Fig. 81, Khotinsky Grid. 


(4) Combination of the Recessed and Perforated Groups. 

The Sperry grid, shown in Fig. 82, and the old type Exide nega- 
tive, Fig. 83, are representative of this type. 

The Sperry grid is made of a thin sheet of cast lead having 
strengthening ribs around the outer edges. Small triangular holes 
are punched through the sheet in such a manner that the punch 
cuts out only two sides of the triangle, and bends the cut portion 
out perpendicular to the plane of the plate. The resulting grid 
is perforated and has numerous projecting “‘fins”’ or teeth on each 
side, resembling a grater. The active material is applied under 
heavy pressure, which welds it together solidly into a cohesive 
mass, covering both sides of the plate and passing through the 
holes. Additional hold on the active material is furnished by the 
bending over of the fins, which clinch themselves over the outer 
surface. 

The Exide negative plate was similarly constructed, except that 
the perforations are circular and the raised fins are cut radially 
and when pushed out stand around the periphery of the holes as 
shown. 

(5) Double Ribbed Plates. 

An example of this group is the Kélner Accumulatoren Werke, 


shown in Fig. 84. 
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Fia. 84. Kélner Accumulator Werker Grid, 


Exide Grid — Negative. 


Fig. 83. 


“ Sperry ” Grid— Negative, 


82, 


Fig, 


PASTED ELECTRODES ier 


(6) Plates Made of Ribs Having Enlarged or Projecting Portions. 


Examples of these are: 


Hladik, Griinewalt & Co., Fig. 85, 


Accumulatoren Fabrik, Aktien Gesellschaft, Tig. 86. 


Fig. 85. Hladik, Griinewalt and Company’s 


Grid. 


Sees! 


Fig. 86. Accumulatoren Fabrik A.G. 
Grid. 


The projections serve the double purpose of retaining the 


active material and af- 
fording proper contact 
for conductivity. 

All of these grids are 
filled up with sufficient 
active material to form a 
flat smooth plate. 

(7) Grids Having Hori- 
zontal Ribs Only. 

The Gelnhausen, Fig. 
87, illustrates this style 
of grid. In this grid cer- 
tain divisions at equal 
intervals, measured ver- 
tically, are left unfilled, 
to allow expansion and 
contraction and circula- 
tion of electrolyte. 


Fic. 87. Gelnhausen Plate. 
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(B) Grins Cast AROUND THE ACTIVE MATERIAL. 

In certain varieties of plates, the active material is formed into 
pellets, cylinders or other shapes which are laid in molds and the 
lead supporting grid cast around them. Usually the casting is 
done under pressure to insure good mechanical and electrical con- 
tact, freedom from blowholes, and elimination of impurities. 

Under this group may be mentioned the Chloride, Fig. 88. 
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Fig. 88. Chloride Plate, 


(C) Leap ENVELOPES. 

The principal exponent of this group is the ‘ Box” negative of 
the Accumulatoren Fabrik, A.G., in Germany and the Electric 
Storage Battery Co. in America. The supporting grid is a solid 
lattice structure, the openings between the ribs being square in 
form. 

It is made up of two halves, each of which has one surface 
covered with a perforated lead sheet. The two halves are pasted 
full of active material and then riveted together. The plate, 


PASTED ELECTRODES 179 


therefore, has each face covered with a perforated lead envelope, 
as indicated in the picture, Fig. 89. 


Fic. 89. ‘‘ Box’’ Negative Plate. 


(D) Non-Meratuic Grips. 

Attempts have been made to produce pasted plates with the 
grids made of some substance other than lead. 

The majority of the designers working on these lines were look- 
ing principally toward the production of a lighter battery than 
has been possible with lead grids, though a few were working with 
the object of confining the active material so that it could not drop 
away from its support. 

The Standard Electric Accumulator Company’s cell is an ex- 
ample of the second type, and is shown in Figs. 90, 91 and 92. 
Each electrode consists of two plates of unglazed, porous earthen- 
ware, having pockets formed on one face and channels on the 
opposite face. The pockets are filled with active material in 
sufficient quantity to project above the face of the plates. 

Two plates of earthenware with a sheet of lead between them 
form an electrode. The active material being in contact with the 
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lead sheet, the latter is enabled to convey the current to or from 
the active portion. The reverse sides of the earthenware plates, 
in which the grooves are formed, are placed back to back, thus 
making vertical channels for the circulation of the electrolyte. The 


Fig. 90. Fia. 91, 


Fie. 92. 


American Electric Accumulator Company’s Element. 


elements are formed of consecutive electrodes, each alternate 
electrode being of the same, and adjacent electrodes being of 
opposite, polarity. The plates making up a complete cell are held 
firmly together by stout rubber bands to insure good contact 
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between the active material and the lead conducting plates and 
also to prevent the former from dropping out. 

These various types of grids and special plates are shown to 
indicate the number of forms that the pasted battery has passed 
through. The list here is far from complete, as it is not intended 
to give a description of every grid that has been produced. To do 
so would require considerable space and could be of but little 
interest to the practising engineer. 

Pure lead does not possess sufficient rigidity to make a suitable 
grid where the active material is mechanically applied. If the grid 
be slightly bent, the active material is likely to crack off. While 
this is also true of Planté plates, it is only so to a limited extent, 
as the active material is much thinner and usually formed on small 
surfaces independent of each other. It therefore becomes neces- 
sary to mix with the lead some metal or metals which will give this 
needed strength and resistance against distortion, but which, at 
the same time, will not materially change the voltaic charac- 
teristic of the grid. 

The metal most commonly used is antimony, and the propor- 
tions of the alloy vary from 88% lead and 12% antimony to 98% 
lead and 2% antimony by weight. The most usual mixture is 
96% lead and 4% antimony. Positive grids should have a lower 
percentage of antimony than negative grids. 

Mercury and tin have also been used; for instance, the composi- 
tion of the Worms grid is given as 96.5 lead, 2.2% antimony and 
1.3% mercury. The Julien grid is composed of 92% lead, 3.5% 
antimony and 4.5% mercury; the Nevens grid is composed of 
23% lead and 77% tin. 

It seems to be generally supposed that these alloys are not 
attacked by the electro-chemical actions which take place, and 
therefore last indefinitely; this idea is, in a measure, fallacious. 

It is true, however, that these alloys do not become oxidized 
as readily as pure lead, and the disintegrating action is therefore 
retarded. 

Antimony and lead alloys are brittle and cannot be bent if the 
proportion of antimony exceeds 5 per cent. Under undue stresses 
they fracture with but little distortion. 


CHAPTER XVI. 
APPLIED ACTIVE MATERIAL MIXTURES. 


AL active materials consist primarily of pulverized lead or lead 
oxides (massicot, litharge, or red lead), to which is added a liquid 
to form a paste and in some cases other substances are incorporated. 

The substances which are mixed with the lead or lead oxides may 
be divided into four classes: 

(1) Substances which possess the property of causing the pow- 
dered material to harden or set (e.g., dilute sulphuric acid). 

(2) Substances which increase the conductivity of the resulting 
active material (e.g., pulverized carbon). 

(3) Substances which increase the porosity of the active 
material (e.g., pulverized pumice stone). 

(4) Materials which are themselves inactive but which bind 
together the active material and retard the disintegration thereof 
(e.g., asbestos fiber). 

Of these four substances the first must always be present, 
with or without any or all of the other three. 

It is obvious that there exists an almost infinite number of com- 
binations which practically attain the same objects. The follow- 
ing are some of the most important of the mixtures in actual prac- 
tical use. 

The oldest of the pasted active materials is litharge mixed 
with sulphuric acid. 

The sulphuric acid used in the mixture is about 1.120 specific 
gravity, the proportion of liquid to litharge being 1 to 6. The 
mixing must be very thorough, and as little acid as possible used. 
The resultant mass appears as moistened, but not of such consist- 
ency that it can flow. After filling a grid, the plate is usually 
subjected to pressure and all the portions of the grid filled, the 
entire combination being tightly compacted. The plate is then 
dried in air. If the drying takes place at ordinary room tempera- 
ture, from one to two weeks are required, according to the dryness 
of the air and thickness of the layer of active material. In some 
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cases, the drying is accelerated by placing the plates in ovens 
and maintaining therein a temperature of about 200° F. Usually 
the plates are again dipped in acid having a, density of 1.100 and 
dried, to further harden. 

After being fully dried, the plates are assembled and given a 
forming charge, after which they are dried and are ready for the 
market. 

The active materials most commonly used are litharge (PbO) 
for pasting the negative, and minium or red lead (Pb,O,) for the 
positive. The negatives need only to be reduced to sponge-lead 
(Pb) by the action of evolved hydrogen in a dilute sulphuric bath. 
They are connected as cathodes with ‘““dummy” plates of sheet 
lead as anodes, and current passed through the group. 

The Pb,O, on the positive plates is changed to PbO, by the 
addition of oxygen, which is supplied by connecting up against 
dummy plates, in a sulphuric acid bath, and passing current 
through the couple, the dummies being connected as cathodes, 
and the positive plates as anodes. 

Bése makes a flat sheet of active material to fit into the grid 
shown in Fig. 78 by mixing the lead oxide and peroxide with 
alcohol, the latter having dissolved therein some distillate of coal 
tar. Anthracene is given as an example of the hydrocarbon 
which is mixed with the alcohol. 

The resulting mixture is pressed into the grid, and dried in hot 
air ovens, after which the plates are hardened by immersing in 
dilute sulphuric acid. The final process is formation by charging 
and discharging. 

Verdier uses a paste made of litharge mixed with glycerine and 
water. 

After drying, the plates are treated in solution of sodium 
sulphate mixed with glycerine and water, and are finally 
formed. 

Desruelles forms a paste from 60 parts red lead, 40 parts graphite, 
25 parts pulverized porcelain and 10 parts white of egg. The 
graphite is intended to increase the conductivity and the pulverized 
porcelain is to give porosity. The albumen forms a good binding 
material. 

Metzger makes a paste of lead oxide, dilute sulphuric acid and 
potassium silicate. 

James uses the following compounds. 
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For the positive elements: Minium 85%, litharge 10%, carded 
asbestos 4%, and powdered carbon 1%. 

For the negatives: Litharge 94%, carded asbestos 4%, sul- 
phur 1%, and powdered carbon 1%. 

Sperry makes a mixture as follows: 

70 per cent of sponge-lead, 26% red lead, and 4% of am- 
monium sulphate. Thisis slightly moistened with dilute ammonia, 
but not sufficiently to more than make it into a dampish powder. 
The powder is put into a die, the grid on this, and another layer 
on top, and the whole compacted in a hydraulic press. 

A variation of this mixture which has proven successful fcr 
both positive and negative plates is equal parts litharge and red 
lead with 6 to 10% of magnesium sulphate. This mixture is also 
moistened with dilute ammonia water and compressed into the 
grid. 

Litharge, Glycerine and Sulphuric Acid. 


Litharge, when made into a paste with sulphuric acid and 
glycerine, forms an excellent active material, especially for the 
negative plate. 

In mixing, the glycerine and concentrated acid are first mixed, 
using equal volumes of each. The resulting liquid becomes heated 
by reason of the chemical combination which takes place. After 
cooling, water is added in such quantity that it forms about 66% 
of the total volume of the liquid. The litharge is made into a 
stiff paste with this mixture, the proportion being about 870 cu. 
ems. of liquid to 4 kilos of litharge. 

In applying this plate to the grid, it is usual to apply pressure 
by passing the pasted grid through rubber rolls which press out a 
portion of the moisture. 

It has been stated that when formed into negative plates this 
material produces a tenacious, felt-like lead sponge superior to 
the brittle, granular lead sponge formed from the simple litharge 
and sulphuric acid paste. 


Red Lead with Glycerine and Sulphuric Acid. 


This mixture and method of application are the same as in the 
case just preceding, except that minium is substituted for litharge 
and less liquid is required to form a paste, the proportion being 
about 625 cu. cm. of liquid to 4 kilos of minium, 
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Pulverized Lead and Water. 


A mixture of lead dust and water forms a good active material 
which sets like a cement and becomes hard and dense. The lead 
dust must be carefully handled and all air excluded from it. 

The density of this mixture is rather too high to allow of porosity, 
and manufacturers who use this form of active material usually 
add crushed pumice stone, or some equivalent substance, to the 
mixture to correct this defect. 


Litharge Mixed with Caustic Solutions. 


If litharge be mixed with a saturated caustic solution such as 
potassium or sodium hydrate, the resulting paste will harden or 
set within a minute, at ordinary room temperatures, and so quickly 
does it harden that such a mixture cannot be worked. 

If, however, the solution be diluted, the time required to 
harden increases proportionally to the degree of dilution and by 
reducing the strength of the solution the material can be handled 
and applied to the grid before it sets. 

A proportion of one part of (fused) salt (sodium or potassium 
hydrate) to two or three of distilled water, by weight, is stated 
to be a satisfactory mixing solution. 


Organic Compounds. 

In addition to the use of glycerine, before referred to, such organic 
substances as lactic and butyric acids have been suggested as 
liquids with which to mix the lead oxides to form the active 
material paste. These mixtures are quick drying and therefore 
of value in manufacturing. 

The paste can be compressed to a great density, thereby increas- 
ing its lasting qualities. 

Heinemann patented* a mixture in which the oils of resinous 
trees, such as cypress and pine, are used as the liquid to make 
up the active paste. Oil of birch is also given as a desirable sub- 
stance for this purpose. 


Fitz-Gerald’s ‘“ Lithanodes.”’ 
Fitz-Gerald has devised three mixtures which he terms “ Lith- 


anode”’ Nos 1, 2 and 3. 
No. 1 consists of litharge mixed with solution of sulphate of 


* Ger. Pat., 107,726, 1898. 
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ammonia to form a paste, or the two salts mixed together and 
afterwards made into a paste with water. The grids pasted with 
this mixture are “seasoned”? — presumably exposed to the air— 
for some time, varying with the thickness of the active material. 
After the seasoning, the plates are painted with peroxide of lead 
in fine powder to render them conductive, and then connected as 
anodes to form positives, and as cathodes to form negatives, in a 
solution of sulphate of magnesia. The resulting plates are porous 
and have high conductivity. 

Lithanode No. 2 consists of litharge mixed with sulphate of 
lead. This mixture hardens and sets firmly and is not affected 
by acid or water. 

Lithanode No. 3 consists of litharge mixed with a solution of 
caustic potash. 


Marchenay’s Chloride. 


The material invented by A. Marchenay, of Paris, and known as 
the chloride pellet or active material, belongs to the class in which 
the connection with the conducting support is obtained by cast- 
ing the grid around pellets of the material which had been previ- 
ously introduced into the molds. An electrode formed in this 
manner is shown in Fig. 88. 

Lead chloride is made by dissolving finely divided metallic 
lead in dilute nitric acid, from which it is precipitated in the form 
of chloride of lead by adding hydrochloric acid. It may also be 
obtained by dissolving htharge in acetic acid and precipitating 
with hydrochloric acid. 

The lead chloride is washed and then fused with zine chloride and 
the resulting molten mixture is poured into molds in the form 
of square pellets, three-quarters inch on a side and five-sixteenths 
inch thick. These pellets are placed in position in the grid molds 
and the grid cast around them under pressure. 

The plates are then assembled with zine plates in a solution 
of zine chloride and short-circuited. This causes the reduc- 
tion of the lead chloride to spongy lead, with a peculiar fibrous 
texture, the fibers running perpendicular to the surface of the 
pellets. 

The plates are washed in running water to free them from the 
last traces of chloride. The active pellets are left in a spongy 
condition and may be formed into positives or negatives as 
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desired, though in practice they are used exclusively as neg- 
atives. 

It will be noted that in several instances above, the resultant 
sponge lead has a fibrous structure. Winship has shown that this 
condition always results when the lead salt and forming solution 
are such that the salt is slowly dissolved in the solution and the 
lead is deposited at approximately the same rate as new salt is 
dissolved. 

It was long supposed that the fibrous texture of sponge lead 
formed from fused lead chloride was due to the crystallization on 
solidifying of the fused mass. The essential conditions for pro- 
ducing fibrous sponge lead are, however, as above stated. 

In many instances, the formation of applied active materials 
requires as long a time to carry through as the improved Planté 
formations, as the red lead and litharge must be brought to the 
condition of PbO, and Pb respectively, by the liberation of oxygen 
and hydrogen. 

Consider, for instance, a forming tank containing 20 negative 
plates each pasted with one-quarter of a kilogram of minium, 
making a total of 5 kilograms to be reduced from Pb,O, to Pb. 

To do this it is necessary to add 3 molecules of H, to each mole- 
cule of oxygen in the minium to form H,O, and leave only Pb 
behind. 

Taking the atomic weights (gram equivalents) of the various 
compounds: 1 molecule minium, Pb,O,, weighs (206.5 « 2) + 
(16 X 3) = 461 grams. 3 molecules’ of H, = 3 x-2 = 6 grams. 
Since 6 grams of H will reduce 461 grams of Pb,O,, it will require 
13 grams of H to reduce one kilogram of Pb,O,, and 5 kilograms 
require 65 grams of H. 

One ampere hour releases 0.0374 grams of H; therefore to pro- 
65 
0.0374 

The composition of litharge is taken as PbO, the degree of oxi- 
dation of commercial litharge and red lead not being very definite. 

If the formula PbO represents the composition of the litharge, 
240 ampere hours are required to reduce one kilogram to Pb, or 
1,220 ampere hours to reduce 5 kilograms. 

Since the rate of current flow through the plates must be limited 
to a certain density per square inch — varying with the type of 
plate, but usually about 6 amperes per square foot, both sides of 


duce 65 grams of H takes = 1,740 ampere hours. 
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each plate being considered — these plates would be formed with 
about 15 amperes flowing, this being about the proper current for 
plates of such a size as to have pasted thereon 5 kilograms total 
of active material of usual thickness. 

The length of time required, therefore, to form these plates will 


be i = 116 hours, if the pasting material be Pb,O,. If the 


29 
paste be made up of PbO, the time of formation will be = = 
oO 


81.3 hours. 

In practice, from 20 to 30% more electrical energy is required 
than the theoretical, owing to imperfect penetration and escape 
of gases which do not assist in the reduction of the oxide, but 
escape into the air. 

Considering the positive plate, take as an example 20 plates, as 
before, in a forming tank, each being coated with one-quarter 
kilogram of red lead, giving a total of 5 kilograms on the 20 plates. 

1 molecule of red lead (Pb,O,) = (3 X 206.5) + (4 X 16) = 
683.5 g. 

Two molecules of oxygen must be added to produce PbO, 
(= Pb,O,) and the weight therefore = 683.5 + (2 K 16)=715.5 g. 


32 


= .04682 g. of oxygen to 


One gram of red lead requires 


roe 


change it to PbO,, and 5 kilograms would therefore require 234.1 g. 
of oxygen. Since 0.298 g. of oxygen is released per ampere hour, 
the total ampere hours required to form these positive plates 
_ 234.1 
~ 0.298 

Assuming, as before, a current flow of 15 amperes, the time 
theoretically required for formation would be: 


= 787 ampere hours. 


(Ee 


15 


524 hours. 


At least 25% more energy, and therefore time, would be required 
in practice. 

It is to be noted that all plates made by the Faure process must 
be “formed,” just as is necessary in the production of Planté 
plates, and in many cases both the time of formation and the energy 
used are as great as necessary for the formation of: the active 
material directly from the lead of the electrode. 
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It has been suggested and many attempts have been made to 
produce electrodes by forming quantities of active material in 
bulk, either by chemical or electro-chemical processes, and paste 
the formed active material on the grids. 

This has, however, been found to be impossible, no matter how 
compacted the material may be or how intimately it be brought 
in contact with the grid. Under no conditions does it appear 
possible to avoid the formation of the individual plates. 


CHAPTER XVII. 
SEPARATORS AND ENVELOPES. 


In order to space the plates apart and to prevent contact 
between adjacent plates and consequent short circuits, rod or 
diaphragm separators are used in all batteries except those 
in which the plates are covered with hard rubber or celluloid 
envelopes. In the latter case the non-conducting envelopes act 
as separators. Sheet separators should be as thin as is consistent 
with strength, and plentifully perforated, to allow thorough circu- 
lation of the acid when made of impervious material such as hard 
rubber. 

Hard rubber, celluloid, wood and glass are the materials gen- 
erally used. 

Hard rubber is used on smaller sizes of cells, particularly those 
intended for traction work. They 
are generally made of a thin 
sheet, perforated and strength- 
ened at intervals by ribs. The 
differences in the hard rubber 
separators manufactured by the 
various companies lie almost en- 
tirely in the disposition and form 
of these ribs. Fig. 93 shows the 
form of hard rubber separator 
generally used. 

A large number of small per- 
forations is preferable to a smaller 
number of large perforations as, 
obviously, there is less possibility 
of particles of active material pass- 
ing through the smaller holes. 
Fe 08, Sia Rebbe cere Separators of this same general 

type, but made of celluloid, are 


used to some extent in Europe, but in America they are not 
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employed by any manufacturers of storage cells on account of 
their inflammability. 

Glass separators are principally used in large cells and only in 
stationary batteries. These are simply a series of glass rods 
or tubes varying from 43; to 2 of an inch in diameter, depending on 
the distance of separation desired. In some instances a flange or 
ring is formed near one end of each rod. These rods are placed 
between the plates, extending vertically from above the top to 
below the bottom of the plates. The number of rods between 
each pair of plates is from 3 to 5, depending on the size of the plates. 
When provided with flanged upper ends they are held in position, 
by strips of rubber through which the rods pass, there being a 
strip for each row of rods transverse to the cell. These rubber 
strips lie on the upper edges of the plates, while the rods are sup- 
ported by the flanges on their upper ends, which rest against the 
upper surface of the rubber strips. 


| 
| 
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Fic. 94. Transverse Section of a Cell with Glass Separators. 


Referring to Figs. 94, 95 and 96, 8.S.S. are the glass rods, and 
A.A.A. the rubber strips which lie across the tops of the plates, 
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and through which the glass rods pass. The latter cannot drop 
through the holes in the rubber, as the flanges at the upper end 
serve as stops. 


+ - 
O O 


Fia. 96. 
Plan and Longitudinal Section of a Cell with Glass Separators. 


The rubber strips may be either hard or soft; both are used in 
practice, 
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Some manufacturers prefer to use rods without flanges, which 
are long enough to reach to the bottom of the cell and rest on it. 
Their upper ends are held in position by glass or porcelain retain- 
ers, which rest on small lugs cast on the upper edges of the posi- 
tive plates. 

With either glass rods or perforated sheets as separators, short 
circuits may form between the surfaces of adjacent plates. Tree- 
like growths or blisters sometimes form on the negative plates 
and may extend outward across the spaces between glass rods or 
through perforations until they make contact with the positive 
plate and thus short-circuit the cell. 

Celluloid or rubber separators, which are used principally in 
portable cells, where the plates are very close together, may embed 
themselves into the soft sponge-lead of the negative plate and the 
active material press through the perforations sufficiently to make 
contact with the adjacent positive plate. 

Wood separators are now commonly used in all types of cells, 
large and small, portable and stationary. They are generally 
satisfactory and efficient, but they must be carefully treated to 
remove impurities. There is some danger that acetic acid may 
be released from them at temperatures above 100 degrees F. 
and injure the plates. They are used extensively, however, and 
in spite of the possible injury mentioned, give excellent results. 

These separators are simply thin wooden diaphragms and in 
vehicle cells are provided with light ribs which are intended to 
form vertical channels for the circulation of electrolyte. The 
thickness is usually from 3%, to 7%; inch. The height of the ribs, 
and therefore the depth of the channels between them, is about 
half the total thickness of the separator. Fig. 97 shows the 
vehicle type of wood separator. The ribs may be formed by 
grooving a solid sheet of wood, or they may be attached to a sheet 
of proper thickness by means of lead nails. In the latter case the 
grain of the ribs is transverse to the grain of the wooden sheet, and 
this form of separator is the stronger, but the more costly. Bass- 
wood is almost invariably used. Wood separators for stationary 
cells have no ribs; they are simply smooth sheets of basswood 
veneer. 

They are supported by means of vertical wooden rods, which are 
slotted through from side to side so that the sheet can pass end- 
wise through the slot. The rods are threaded on to the sheet, 
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and the number of rods on a separator, depending on its size. 
These rods serve both as supports and ribs or spacers, so that the 
sheets do not lie directly against the plate surfaces. 


BOS 255 
Fic. 97. Ribbed Wood Separator. 


The separators are shorter than the depth of the cell, being 
only about 3 inch longer than the plates, so that a support of 


Fic. 97a. Wood 
Separator with 
Supporting Rods 
for Large Cells. 


some kind is necessary. 

Fig. 97a shows a large size separator with three 
rods in place. 

There are no perforations made in these separa- 
tors, the electrolytic action taking place through 
the pores of the wood. 

While the first cost of wood separators is very 
small, their life is short. Under the action of the 
acid the wood becomes friable and easily broken 
down into fine shreds. They will stay in place, 
however, and serve their purpose for several years 
if the plates are not disturbed, as the electrodes 


on either side form supports for the separators which retain their 
form. Replacements are necessary any time the plates are moved. 


SEPARATORS AND ENVELOPES 195 


Wood separators have the advantage of giving a positive 
separation between adjacent plates and effectually prevent con- 
tact between the opposite plate surfaces and short circuits from 
this cause. 

The porous earthenware plates which form the supporting 
members for the active material in the electrodes of the type 
shown in Figs. 90, 91 and 92 obviously act also as separators, 
having the same characteristics as wood separators but, unlike the 
latter, being permanent. 

In order to prevent the active material from shedding or loosen- 
ing from the grid, envelopes are sometimes used on pasted plates. 
In case particles of active material loosen, they cannot leave 
contact nor fall to the bottom of the containing cell. Short 
circuits between adjacent plates by the accumulation of loosened 
active material in the bottom of the cell touching the lower edges 
of the plates is thus prevented. 

In most instances envelopes are used only on the positives, 
though in some cases the negative plates are also covered. 

Faure’s original patent, dated January 11, 1881, mentions re- 
taining coverings of ‘felt, asbestos, or other sufficiently porous 
material,” for the purpose of holding the active material in con- 
tact with the grid. His early plates were covered with parch- 
ment paper and a second covering of stout felt. Neither one 
of these materials is now used, as the parchment paper lacks 
durability and the felt is expensive and neither is sufficiently 
porous. 

Soft rubber, in perforated sheets, has been tried, but this is not 
suitable, owing to the fact that it rapidly disintegrates in the acid 
under the action of oxygen and hydrogen. In this connection, 
it may be here stated that soft, vulcanized rubber, in any form, 
soon becomes worthless if submerged in the electrolyte and 
should, under no circumstances, be used for permanent work. 

The envelopes which are employed are made of lead, hard 
rubber, celluloid, asbestos cloth, glass wool and pyroxylin. Hard 
rubber, in thin perforated sheets, made in the form of a case into 
which the plate can be slipped, makes an efficient and durable 
covering. It is, however, expensive and is not much used. 

Celluloid envelopes, made in the same way as the hard rubber 
ones, are also efficient, although this material decomposes some- 
what under the action of the electrolyte and evolved gases. 
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Glass wool, which is glass in a finely divided fibrous state, 
has been used. It is packed into the spaces between the 
plates and serves its purpose fairly well. The mass is sufficiently 
porous to absorb enough electrolyte for the operation of traction 
batteries and also to allow of circulation. The method of separa- 
tion is now obsolete. 

Pyroxylin is made of open mesh cotton cloth, which is chemi- 
cally treated with a mixture of nitric and sulphuric acids in equal 
parts diluted with 2 parts water. The compound formed is of 
the same general character as gun cotton, and burns so rapidly 
as to be practically explosive. A small quantity of nitro benzol is 
added to the bath in which the cloth is treated and the pyroxylin 
is thereby rendered inert. It is finally thoroughly washed and 
then wrapped around the positive plates. After undergoing the 
chemical treatment, it still retains its original appearance and 
texture. This material is not a successful covering, however, for 
the negative plate, as the action of the hydrogen soon disin- 
tegrates it. 

The “box” negative plate, shown in Fig. 89, is surrounded by a 
perforated sheet lead covering which is an essential portion of 
this electrode. 


CHAPTER XVIII. 
CONTAINING CELLS. 


CONTAINING cells of hard rubber, glass, celluloid and, in the 
case of the larger sizes of power station batteries, glazed earthen- 
ware or lead-lined wooden tanks, are used. 

The hard rubber jars are used almost exclusively for traction and 
portable cells. The thickness of the rubber varies from one-six- 
teenth to one-eighth of an inch. Hard rubber makes the best 
containing cell known for small sizes of elements, the only objec- 
tion being its cost. 

Celluloid makes an excellent containing cell, but owing to its 
inflammability, and consequent liability to take fire and burn 
with almost explosive rapidity, is used but little. A carelessly 
lighted match, or an electric spark — which latter is often made in 
changing connections at battery terminals —in proximity to a 
cell containing celluloid would constitute a source of danger. 

Glass containing cells are suitable only for stationary batteries. 
For small cells, that is, not larger than 121215 inches, they 
are thoroughly satisfactory in every respect after once being 
installed, and are cheaper than any other kind. 

Glass cells larger than the above size are made in ribbed glass 
and are much more expensive than the plain glass cells. Their 
cost and their tendency to crack under the temperature changes 
to which every cell is subject have caused engineers and manu- 
facturers to avoid the use of glass cells in larger sizes, though 
some important installations have been made with these con- 
tainers. Tig. 98 shows a large ribbed glass cell. 

Recently, glazed earthenware cells have been successfully pro- 
duced. They seem durable, rarely break, and appear to be superior 
to any other form of containing cell. Their high cost, however, 
has prevented them from being extensively employed. Also 
their durability has yet to be proven in long service. 

For large size station batteries, heavy wooden tanks, lined with 


sheet lead, are almost universally used. The lining is generally of 
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from 34 to 44 pound lead, according to the size of the tank, that 
is, of such thickness that 1 square foot weighs from 34 to 43 
pounds. The lead lining should 
be turned over the top edges of 
the tank and cover them. 

The tanks themselves should 
be made of sound oak, pine, or 
teakwood throughly dried and 
boiled in paraffine or some equiv- 
alent compound, so that the 
pores are completely filled and 
there can be no absorption of 
spilled or leaking acid. Resin- 
ous wood, such as pine, has 
proven to be the most satisfac- 
tory and durable. 

The parts of the tank should 
be dovetailed together, and the 
whole strongly assembled with- 
out the use of any metal fastenings. Fig. 99 shows a tank of this 


Fig. 98. Ribbed Glass Cell. 


Fic, 99. Lead-lined Wooden Cell, 
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description, with the elements in place. Too much care cannot be 
given to the protection of the wood. Each tank should receive 
two heavy coats of asphaltum paint, both inside and out, before 
the lead lining is put in. A final coat of the same paint is given 
after erection. 

The joints must all be securely burned together by skilled work- 
men. A poorly constructed tank means continuous trouble and 
endless expense after being put into service. 

When lead-lined tanks are used, the elements are always sus- 
pended by lugs, which usually are cast or burned onto the tops 
of the plates. These lugs rest upon glass sheets set vertically on 
either side of the tank, which rest on the bottom and project above 
the upper edges of the cell. These glass sheets are from + to 45; 
of an inch in thickness, depending on the size of the cell. Since 
the entire weight of the elements comes on these glass supports, a 
reinforcing strip of lead must be placed underneath them in the 
bottom of the tank, otherwise they would cut through the thin 
lead lining. 

Rubber strips laid in the bottom of the cell are sometimes 
used for the glass supporting plates to rest on, instead of the lead 
strips. Either usage is good practice, though the lead reinforce- 
ment is more general. 

Fig. 100 shows the dimensions of a lead-lined tank for elements 
154x154. The glass supports are seen on either side, and come 
within yy inch of the lead lining. The reinforcing strip of lead at 
the bottom of the glass sheets is 1 inch wide by 4 inch thick. 
Wood separators are also shown. Note how the bottom, sides and 
the reinforcing sills underneath are dovetailed together. 

It is customary to bore a hole through the wooden bottom of 
the tank so that any leak in the lead lining will manifest itself 
at once. The present tendency is to make the containing cells of 
such a depth that the lower ends of the plates are a considerable 
distance above the bottom of the tank, in some cases as much as 
12 inches. This allows a large accumulation of sediment from 
the gradually disintegrating active materials, without the deposit 
piling high enough to make contact with the lower ends of the 
plates and thus short-circuit the cell. An approximate rule is 
that the distance from the lower ends of the plates to the bottom 
of the containing cell shall be equal to 40% of the length of the 


plates. 
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Where elements are contained in cells having this extra depth, 
it is necessary to clean out the cells only at widely separated 
intervals — usually at the expiration of the life of the positive 
plates when new positives are installed. 
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Fig. 100. Cell Construction with Wood Tanks. 


Nearly all cells for stationary batteries have sufficient bottom 
clearance to admit an ample quantity of electrolyte. In the case 
of many portable batteries in rubber jars, the electrolyte space 


is so small that high density acid must be used, as set forth in 
Chapter VI, 


CHAPTER XIX. 
TESTING. 


THE subjoined list gives the possible factors to be determined 
in storage battery tests. Some —such as internal ohmic resist- 
ance — are unimportant except from a theoretical standpoint. 
Most of those given are, however, important and should be deter- 


mined. 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 


Weight of complete cell. 

Weight of elements. 

Weight of electrolyte. 

Dimensions of cell. 

Dimensions of elements. 

Normal and maximum charging rates. 
Normal and maximum discharging rates. 
Capacity at low, normal and rapid discharge rates. 
Variation of capacity with temperature. 
Variation of voltage with temperature. 
Internal. ohmic resistance. 

Internal virtual resistance. 

Specific gravity variation of electrolyte. 
Loss of charge by leakage and local action. 


These are all found by observation, and from them the follow- 
ing results are deduced: 


(15) 


(16) 
(17) 
(18) 
(19) 
(20) 
(21) 
(22) 


Charge and discharge rates per square foot of positive 
plate surface. 

Charge and discharge rates per pound of element. 

Charge and discharge rates per pound of complete cell. 

Capacity per pound of complete cell. 

Capacity per pound of element. 

Temperature coefficients of cell. 

Curves of charge and discharge. 

Efficiencies at various charge and discharge rates and 


temperatures. 
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(23) Relation of electrolyte density to ampere hours discharged. 

(24) From all of foregoing deduce the commercial value of the 
cell under test, and determine whether or not its 
characteristics are suitable for the service that it is in- 
tended to perform. 

(25) Durability. This is made last because of the long time 
required, and should not be undertaken until all the 
other points are settled. 


These various tests will now be considered in detail: 

(1) Weight of cell is found by weighing the complete cell, inclu- 
sive of connectors. 

(2) Weight of elements is found by partly discharging say one- 
fifth capacity, after giving a full charge to reduce all sulphate, 
removing from electrolyte and then drying with blotting paper, 
after which they are weighed. Do not keep the negative plates 
out of the liquid any longer than necessary. 

(3) Weight of electrolyte is = (1) — (2) — (weight of jar). 

Dimensions of cell (4) and elements (5) are determined by ordi- 
nary measurement, the elements being measured when taken out 
of the cell to be weighed. (4) should include all dimensions of 
separators, height of lower edge of plates above bottom of jar, 
clearance between plates and sides and ends of jar, height of edge 
of jar above tops of plates; (5) should include area of plate sur- 
faces, areas of conducting portions of the grid, area of lugs — 
these two last to determine if the current densities are within the 
limits of good practice — 150 to 200 amperes per square inch. 

After determining (1) to (5) inclusive, connect up the battery 
for making the other tests. The usual way of connecting is shown 
in Fig. 101. 

G is a source of charging current. 

R, a variable resistance in series therewith. 

B, the test cell; A, a two-way reading ampere meter; V, a low 
reading voltmeter; 8, a double pole, double throw switch, and R, a 
variable resistance connecting the two lower terminals of the 
switch together. 

By means of R, the charging current, which flows into the 
battery when § is in its upper position, can be regulated. On 
discharge, the switch is thrown to its lower position, and by 
means of R, the current outflow may be given any value desired. 
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The voltmeter V should be permanently connected across the 
battery terminals, and cadmium readings made with a separate 
instrument. If only one voltmeter is to be had, however, read- 
ings may be taken at intervals by placing the contacts against the 


Ry 


Fig. 101. Connections for General Test. 


lead lugs of the battery plates. The contacts should be bright 
and sharp, and pushed strongly against the lead lugs so that good 
‘contact is made. 


Wt f Wn 
Se ee 2. 


Copper Cadmium 


Voltmeter f§ 


Fia. 102. Cadmium Contact Piece. 


A good arrangement for taking cadmium readings is to make 
two voltmeter contact pieces, as shown in Fig. 102. A short piece 
of hard copper wire about five thirty-seconds of an inch in diame- 
ter is screwed or pushed into a piece of cadmium about nine 
thirty-seconds of an inch in diameter. The lead to the voltmeter 
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is fastened about the middle point. The device is improved if 
it be taped about two inches along its length on either side of the 
point where the voltmeter lead is joined on, and it is also well to 
cover the cadmium completely with a rubber tube perforated 
with small holes. If two pieces of cadmium cannot be obtained, 
one piece will serve, but in this case the voltmeter connections 
will have to be reversed to take the negative plate readings when 
the battery is charging. With the two, composite, contact 
pieces, the voltage across the cell is read by pressing the two 
copper ends against the positive and negative lugs. The cadmium 
reading to positive is then made by taking away the contact at the 
negative plate and immersing the cadmium portion in the elec- 
trolyte, care being taken that it does not touch any plates or con- 
nections. If the cell be discharging the negative reading to the 
cadmium can be made by keeping the cadmium piece in the 
electrolyte and moving the contact from the positive plate over to 
the negative. At the end of charge, the cadmium in the liquid 
must be removed, and the copper end of the contact piece pressed 
against the negative lug, while the contact which was on the 
positive lug is taken away, and its cadmium end placed in the 
electrolyte. 

(6) The charging rates are usually given by the makers, but in 
absence of any instructions, they may be determined approxi- 
mately by calculation, taking .040 amperes per square inch of posi- 
tive plate surface as normal. This can be checked after a few trials 
by the length of time elapsing from beginning to the end charge, 
as evidenced by the voltage rising to 2.5 and vigorous evolution 
of gases, called “boiling.” The eight-hour rate is usually taken 
as the normal in power station cells, and the five-hour rate in 
motor car batteries. 

The maximum charging rate is that at which the cell will 
absorb energy without heating more than 25 degrees F. above sur- 
rounding atmosphere, or excessive gassing. Usually this will be 
found to be not greater than the two-hour rate. 

(7) The normal discharge rate may be taken as equal to the 
normal charge rate — usually taken as the eight-hour rate. The 
maximum discharge rate should usually be not greater than the 
one-hour rate except on short discharges followed immediately 
by charge, as on regulation work, in which case the cell may be 
worked as high as the 20-minute rate. 
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After determining (1) to (7) inclusive, the battery should be 
given several cycles of charge and discharge at the 8-hour rate, to 
bring it up to good working condition, before going on with the 
tests following. 

(8) The capacity at normal discharge rate should first be deter- 
mined. Charge at normal rate until the cell reaches its final 
voltage, which will be in the neighborhood of 2.5 volts, and gases 
vigorously. The final voltage is reached when prolonging the 
charge does not cause any increase in voltage nor acid density. 
Note acid density and temperature during charge, at intervals of 
about twenty to thirty minutes. The voltage observations should 
be at intervals of about three minutes for the first quarter of an 
hour, then of six minutes, until the voltage becomes steady, 
after which twenty or thirty minute intervals will be often enough 
until the point is reached where the voltage begins to rise rapidly, 
when the readings should be about six minutes apart. The plotting 
of curves from readings is greatly facilitated if the observation 
intervals are 3, 6, 12, 15 or 30 minutes, as these are decimal 
fractions of an hour. 

When the cell is fully charged, then discharge, keeping the cur- 
rent constant throughout the time of discharge. Note acid density, 
temperature and voltage as before, the voltage readings being 
taken at short intervals at the beginning and towards the end 
of discharge, and at longer intervals where the fall is slow and 
steady. The constant current of discharge multiplied by number 
of hours duration up to the point where the voltage drops to 1.8 
gives the ampere hours capacity. This result, multiplied by the 
average voltage during discharge, gives the watt hours capacity. 

The temperature must be kept as nearly constant at 70 degrees 
F. as possible. 

Cadmium readings should be taken at the beginning and end 
of charge (the latter before current is cut off); just after beginning 
discharge; at the end of discharge, before the current flow is 
stopped; and occasional readings should be taken during charge 
and discharge. Should the voltage on charge be 2.5 and the 
voltage between the negative plate and cadmium zero, or the 
reading be positive to the cadmium, the cell cannot be considered 
as fully charged, and the charge should be prolonged until the 
negative is brought up to its proper value. In cells where the 
positive electrodes have supporting grids of antimony-lead alloy, 
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the difference of potential between the cadmium and the negative 
should be about 0.05 volt, at the end of charge, while with ele- 
ments made up of pure lead, the voltage should reach 0.12 or 0.15, 
the cadmium being positive to the sponge lead. 

If on discharge the voltage between the negative and the cad- 
mium reaches .25 measured oppositely to the reading on charge, 
before the cell voltage drops to 1.8 the discharge should be con- 
sidered as ended. Should this occur on more than one discharge, 
either abnormal local action or deficient capacity in the negative 
plate is indicated. 

After finding the capacity at the normal rate, discharges should 
be made at the 1, 3, and 5 hour rates, and the capacity at these 
rates determined. Observations, of course, must be taken at more 
frequent intervals when discharging at high rates. 

(9) Variation of capacity with temperature. The best way to 
make this test is to bring the temperature of the room to the 
desired point, and allow the battery to stand until it attains the 
room temperature. On charging, it will tend to heat, but by con- 
siderably reducing the charging rate towards the end of charge, 
the cell will cool down to practically the initial value if the sul- 
phate be completely reduced. 

The cell should be shielded from drafts by screens or a box, 
so that the temperature will be maintained constant within 
reasonable limits. 

If a more accurate test is desired, the cell should be set inside 
a box or tank filled with water. Inside the box, and below the 
surface of the water, is placed a steam pipe, by means of which 
the water can be brought to any temperature higher than that 
of the room, and, in turn, raise the temperature of the battery. 

With care, the temperature can be maintained constant through- 
out charge and discharge, by controlling the admission of steam 
to the heating pipe. 

(10) Variation in voltage with temperature would be observed 
at the same time as variation in capacity, and under the same 
conditions. 

(11) The internal ohmic resistance is very difficult to determine 
accurately, because it is so small compared with that of any com- 
mercial measuring instrument, and also because it is itself a 
variable. Many methods have been devised for measuring it, 
three of which are herewith given. They all, however, require 
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careful and painstaking work to produce accurate results. The 
observations should be repeated many times and under various 
conditions. 

Sheldon’s Method, devised by Dr. Samuel Sheldon, is one of the 
simplest, the only apparatus required being a telephone receiver, 
a slide wire bridge, and an auxiliary, non-inductive resistance, of 
known value. 

E 


Fic. 103. Connections for Sheldon’s Test. 


The test cell is connected up as shown in Fig. 103. Eis a source 
of alternating current, B the battery under test, X the known 
resistance, and S the slide wire bridge. R is a resistance to adjust 
the strength of the current. An alternating current of constant 
value — about twice the normal charging current — is sent through 
the battery and resistance X. The voltage between the extreme 
ends of the slide bridge is equal to the drop from f to g. 

The first reading is made with the terminal, t, of the telephone 
receiver at a (that is, at the point where the connection is made 
between the conductors and the battery lug), the other terminal p 
being moved along the bridge until a point is found at which the 
receiver gives the least sound. This point on the bridge is then 
at the same potential as point a. Similarly, readings on the 
bridge are found for points b, ¢ and d. 
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The drop from a to b is that due to the ohmic resistance of 
the cell, and is proportional to the reading on the bridge at b, 
minus reading at a. Likewise the drop through X is propor- 
tional to the reading at d minus reading at c. From this it is 
evident that 

xe c(d) =.e)e (bea) (53) 
whence 
- x (b a a) (54) 
d—e 
r being the internal resistance of the cell. 

It is neither necessary to measure the current passing, nor to 
know the absolute values of a, b, ec and d in volts. If these read- 
ings be simply lengths intercepted between the pointer p and the 
end h, the ratio still holds. 

If the lengths are measured from the end K, then the formula 
becomes bys aut (55) 

e—d 

It is desirable that X should be small, in order that the drop 
across the bridge be also small, and consequently the drop across 
a, b will show an appreciable length on the bridge. It is also 
essential that the bridge wire be homogeneous, and of equal 
resistance per unit of length over its entire length. Owing to the 
errors introduced by the effects of capacity, this method is only 
approximate. 

Condenser Method. 

The connections and apparatus for testing by this method are 

as shown in Fig. 104. 


r 


B 


Fia. 104, Connections for Condenser Test. 


C is a condenser, BG a ballistic galvanometer, a and b keys, 
B the test cell, and R a known resistance which should be low 
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enough to permit full normal current to flow when connected across 
the battery. On depressing key a, the condenser receives a charge 
proportional to the cell electro-motive force and a corresponding 
throw of the galvanometer needle is produced. Stil holding a 
down, depress b and the potential at the battery terminals is 
decreased because of the drop, due to the current flowing through 
it and R. A partial discharge of the condenser will take place, 
causing a reverse throw of the galvanometer needle. 

Calling the throw first obtained T, and the second t, T — t = t, 
is the throw which would have occurred if b were first depressed, 
and then a, the condenser being without charge. After securing 
the first two readings, discharge the condenser by short-circuiting 
its terminals, re-connect it as before, depress b and then a, and 
compare the direct reading obtained with the computed value of 
T—t. If they do not check, the observations should all be 
repeated until they are sensibly equal. 


ty) deduced as 


The resistance of the battery = r = aa 


follows: ; 

T is proportional to the electro-motive force = E of the cell. 

t, is proportional to E — Ir, where I is the current flowing when 
b is depressed. 


Taenen tio. (b= sLY), (26) 
T= = whenee B—Ir=B SSE ; 
Diba, 

aera 


Rte rt, = River) —rT; 
Thy = Ct); 


et). 
t 


r (57) 
Rimington’s Method. 
The connections for testing by this method are as shown in 
Fig: 105. 
R,, R, and R, are resistances and B the test cell in the four arms 
of a Wheatstone bridge. In the same arm with R, an auxiliary 
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cell is inserted, giving an electro-motive force to oppose that of 
cell B. G is a galvanometer — which is preferably a sensitive 
d’Arsonval instrument — 8 is a switch or key. R, should be of 
about 10 ohms resistance and R, about 0.1 ohm. 


C 


So 


Fic, 105. Connections for Rimington’s Test. 


On making the connections, a small deflection will be observed, 
due to a slight difference in the electro-motive force of the two 
opposing cells. On closing 8 a different deflection is observed. 
R, must be adjusted until the deflection is the same whether 8S be 
open or closed. Then the internal resistance of 


ee, 
Roe 


neglecting the internal resistance of E, which is inappreciable as 
compared with R. 

The effects of polarization cause certain changes in the deflec- 
tion, which require some rather nice manipulating to eliminate. 

If polarization sets up in the test cell when switch S is closed, 
a current will pass from ¢e to d because of the decrease in the 
electro-motive force of the cell, and the galvanometer will be cor- 
respondingly deflected. A decrease of R, tends to cause current 
to flow from d to c, and produce a deflection in a corresponding 
direction. Therefore R, must be gradually diminished until an 
impulse is observed in the latter direction. This impulse will be 


(58) 
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immediately followed by a movement in the opposite direction, 
caused by polarization of the test cell. R, should be gradually 
increased until a point is reached at which this impulse dis- 
appears, and this value is the correct one for R,. 

(12) The internal virtual resistance is found by connecting the 
cell as shown in Fig. 101. 

Note voltage on open circuit; call this V,.. Then throw switch 
to upper position, allowing a definite current to flow into the cell, 
and note increase in voltage, calling this V,. 

Then open the switch and observe again the open circuit volt- 
age. The voltmeter pointer will not drop back immediately to 
its final value, but will come down slowly. Wait until the needle 
movement ceases before taking the reading. This sometimes is 
as long as 75 seconds. The last reading should be the same as Yj. 
Again close switch, sending same current through as before, and 
note voltage; call this V,. Then by means of the adjustable 
resistance, R, send an increased current through the cell, and again 
observe the voltage; call this V,. 

From the first measurement: 

V2 sae Vi 
, 


R = 
I, 


(59) 
I, being the current flow in amperes. 

From the second observation: 
= Vs 


R = 
1 Peat bs 


in which I, is the increased value of the current. 

Also test by taking the voltage on open circuit and throwing 
the switch to the lower position, so that the cell discharges. The 
virtual resistance in this case will be 

R = Yio Vs. (60) 
I, 

in which V, = Voltage on open circuit; V, = Voltage when dis- 
charging, and 1, the current flowing. 

On repeating the experiment by increasing the current out- 
flow in a manner similar to the test with inflowing current, the 
resistance becomes 


V.=V 
——s 61 
hee Te ( ) 
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in which V, is the voltage before increase of current flow; V, that 
after increase; I, the current flowing before increase, and I, that 
after increase. 

Further test consists in adjusting resistances R and R, so that 
the current flow will be the same on charge as discharge; call 
this current I. Throw the switch to its upper position, and as 
the charging current passes in, note the voltage. Call this V,. 
Then quickly throw the switch to its lower position so that the 
current flows out from the cells, and take the voltage reading; 
call this V. 


Then R= (62) 


This last test should be tried for various values of current and 
at various points of battery charge. The final determination of 
R is an average of the various values determined by the different 
tests mentioned. These values should not be greatly different 
for the same point of battery charge, but will vary somewhat for 
different points. 

(13) Specific gravity variation of electrolyte is observed preferably 
by the insertion of a flat hydrometer in the liquid in the cell. If, 
however, a flat instrument is not obtainable, a small quantity of 
electrolyte may be drawn from the jar by means of a rubber bulb 
or syringe, and put into a large test tube, into which the hydrom- 
eter may be placed. 

The electrolyte withdrawn is then poured back into the cell, 
Always stir the liquid before putting in the hydrometer or remov- 
ing from the cell, in order that the specific gravity observed will 
be that of the entire mass of liquid. 

(14) The loss of charge on standing idle is found by charging the 
cell up to 2.5 volts, and then discharging down to 1.8, noting 
capacity, temperature, voltage and acid deusity. Then charge 
again to 2.5, and set aside for 48 hours. Bring to same tem- 
perature as that of the previous test, and discharge down to 1.8. 
Repeat this test, setting aside for 60 hours and again for 120 hours. 
The loss is, of course, equal to the capacity immediately after 
charge, minus that of the discharges taken after the periods of 
rest. 

The cell should be carefully insulated so that the loss of charge 
may be an indication of the amount of local action. Cadmium 
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readings on discharge will show which of the plates has suffered 
the greatest loss, and consequently the most local action. 

In working up the data obtained, the quantities (15) to (19) are 
easily deduced. 

In making comparative tests of capacity per pound weight of 
several batteries, there should be the same number of plates in 
each cell. If one cell should contain more plates than the others, 
it would have a marked advantage in such a test, for the reason 
that the end negative plates weigh nearly, if not quite, as much as 
the other negatives, although they give only about half the 
capacity of the other negatives, and they therefore tend to in- 
crease the weight of the cell, without a corresponding capacity 
increase. The fewer the number of plates the greater will be the 
proportionate increase of weight, from this cause. Therefore, no 
comparative test is fair to all batteries, unless each contains the 
same number of plates. 

No capacity test is of value unless the temperature at which 
discharge takes place is specified, and in comparative tests all 
discharges should be made at the same temperature. — 

(20) The capacity temperature coefficient is a factor which, if 
the capacity at one temperature be multiplied by it, the product 
resulting will be equal to the increase in capacity for each degree 
increase in temperature, or, expressed algebraically, 


Ct, = Ct,+ jCt,, (63) 


where Ct, = capacity at any given temperature, j, the tempera- 
ture coefficient, and Ct,, the capacity at a temperature one degree 
greater. 

If the capacity at several temperatures be found, then the tem- 
perature coefficient = } can be computed as follows: 

By definition, 

Ct, = Ct, + Ct, (t, — t,) Xj, (64) 
in which Ct, = capacity at given temperature, t,; Ct,= unknown 
capacity at some higher temperature, t,; and j the temperature 
coefficient. 

Solving: 
Ct, — Ct, 
Ct, Xx (t, 7 t,) ; 


It will be found that j will vary somewhat for different stages 
of temperature increase; and it will be greater from a low tem- 


j= (65) 
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perature to one only moderately higher, than from a high tem- 
perature to one still higher. In other words, the increase of 
capacity per degree increase in temperature is not a linear func- 
tion, but varies, decreasing as the temperature rises. Between 
50 degrees and 80 degrees F., however, the limiting temperatures 
usually found in practice, 7 is practically constant. 

There will also be a different coefficient for each rate of dis- 
charge, the greater values being for high rates. 

(21) Curves of charge and discharge are plotted in the usual 
manner, from the voltage observations made during the various 
tests. From these, the general performance of the battery may be 
seen, together with the various changes which take place during 
the periods of charge and discharge. 

(22) Efficiencies at normal rates are determined from obser- 
vations on charge and discharge, and the ratio of the amount of 
energy supplied to that delivered. Efficiencies at rapid discharge 
rates, however, must be the subject of special tests, consisting of 
several cycles of charge and rapid discharge. 

Start with the cell fully charged, and end with it in the same 
condition, the number of charges and discharges being equal. 
The efficiency will be equal to the sum of the amounts of energy 
delivered by the several discharges, divided by the sum of the 
~ amounts of energy put in on the several charges. Owing to the 
fact that the energy required for charging is somewhat indeter- 
minate, because some energy is lost by the release of gases from 
the electrodes, an accurate determination of efficiency requires 
several tests — not less than four —all taken at the same temper- 
ature. The mean of the results of these tests is the cell efficiency. 

(23) The relation of electrolyte density to the ampere hours dis- 
charged is easily computed from the discharge data and corre- 
sponding hydrometer readings. Usually the curve of variation in 
acid density is plotted on the same sheet with the voltage curves, 
and if these latter be for a constant current of charge or discharge, 
the density for any ampere hour output can be read off directly. 
Fig. 106 is an example of a specific gravity curve combined with the 
voltage curves. The discharge rate is 16 amperes. At the begin- 
ning of discharge the density is 1.280 ; at the end of the first hour, 
or 16 ampere hours, the density is 1.253; at the end of the second 
hour, or 32 ampere hours, 1.226, and so on, the final value at the 
end of discharge being 1.148, 
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Except at very low rates of discharge, the readings of the hydrom- 
eter will not show the true specific gravity of the electrolyte because 
of the slowness of diffusion, as has been previously discussed. 
The hydrometer readings are, however, useful to show the rate of 
diffusion, which is indicated by comparing the curve of hydrometer 
readings with the line drawn from the point of maximum density 
at the time of full charge, to the point of minimum density, which 
latter is found by discharging the cell at the 8-hour rate and allow- 
ing it to stand four hours. Obviously, the nearer the curve of 
hydrometer readings approaches the line of actual change in 
density, the better is the diffusion. 
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Fic. 106. Variation of Specific Gravity of Electrolyte with Discharge. 


In practice, a knowledge of this variation in density is useful, 
as giving an indication of the state of charge left in the cells when 
they have been partly discharged, provided the cells are in good 
condition. If the density is found to be appreciably less than it 
should be, as shown by tests when in good condition, the cell is 
undergoing discharge, either from leakage or internal discharge, 
and the resulting formation of sulphate decreases the density. 
Therefore, if the density range and variation be known, it becomes 
a useful check on the condition of the cell. Increased density 
merely shows evaporation. 

(24) With a previous knowledge of the requirements necessary 
in a battery for it to successfully meet given conditions, and all 
the foregoing data in hand, a careful consideration of all the 
questions involved will show whether or not the battery is adapted 
for the service it is intended to give. 
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(25) Durability. No test other than that of continual use, 
extending over a long period — possibly years — can definitely 
determine the durability of a battery. It is, however, possible 
to form a reasonably correct idea by subjecting pasted electrodes 
to 150 cycles of charge and discharge, of 6 hours each, the half 
eycles (charge or discharge) being at the 3-hour rate. This re- 
quires 900 hours, or about 38 days of continuous operation, and 
a change of connections from charge to discharge, or vice versa, 
every 3 hours. To perform this work by hand and continuous 
personal observation would require two or three shifts of men, 
and be both tedious and costly. A simple automatic apparatus, 
however, does the work, and a daily inspection of only a few min- 
utes is required when this device is used. 

This apparatus consists of an electrically operated time switch, 
double pole and double throw, and is made of a clock, two 
electro-magnets and an oscillating shaft carrying contacts which 
dip into mercury. Figure 107 shows the general arrangement 


Fig. 107. Time Switch — Elevation. 


and connections of the automatic time switch. The face and 
hands of the clock are removed, and a sheet of fibre is substituted 
for the face. Screwed thereto are four contacts, c, ¢, c, ce, insulated 
from all other parts, and equally spaced 90 degrees apart around 
the circle. They are slotted where the holding screws pass through 
to allow accurate adjustment. In place of the hour hand is sub- 
stituted a light, strong copper arm having a contact piece at its 
end, which can make light yet firm and definite contact with 
c, ¢, ¢, ¢. A brush of fine wires will not do, as it lacks definiteness 
of point of contact. 

M, and M, are small electro-magnets, of about 2 ohms resistance, 
operated by a cell E. mn and qs are mercury cups forming the 
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terminals of a double pole, double throw switch, a plan view being 
shown in Fig. 108. Figure 109 shows the method of connecting up 
the test cell. Gis a source of current; R, and ad 
R, adjustable resistances; B the battery to 
be tested, and S the two-way switch. 

A good way to make the mercury switch 
cups is to bore holes about 1 inch deep into 
aeplece obi smch board) )assindicated) im. pighios! “pias ch Tie 
Fig. 107. Switch. 

The oscillating switch is made of two pieces of heavy wire, 
a, a, fastened at their middle points to the small short shaft d, 
as shown, and insulated therefrom. This shaft is supported on 


R, 


R) 


Ro 


Fic. 109. Connections for Time Switch. 


proper bearings, and on its lower side has fastened an iron arma- 
ture oscillating between the two magnets, M, and M,. It is 
obvious that if M, be excited, the armature will be attracted 
towards the left, the shaft will rotate slightly, and contact will be 
made at q and s, while it is opened at mandn. If M, be excited, 
the reverse operation will take place. 

The operating cell E, which is used to excite the magnets M, 
and M,, and may be any type of battery, primary or secondary, 
is so connected through the clock contacts and hand that when the 
hand touches ec and c’, M, is energized, and when it touches ¢’ 
and ¢’”’, M, is energized. 

Adjust the contacts by timing with a watch, so that the interval 
from the making of one contact to the making of the next is 
exactly three hours. Then connect up as shown. 
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Adjust R, and R, so that the current flow through them on 
closing the charge or discharge circuit is the 3-hour rate, and the 
test is ready to begin. 

As a precaution, a revolution counter may be connected to the 
oscillating shaft d, to show the number of cycles through which 
the cell has been operated. 

If pasted plates at the end of 150 discharges are still in fair con- 
dition, they may be considered as durable. The appearance of 
the plates will indicate whether or not they bear promise of much 
subsequent work. Planté plates, however, should have a total 
life of 1500 to 2500 discharges at the 8-hour rate or 2500 to 3500 
at the 3-hour rate. Therefore any durability test should cover at 
least 800 to 1000 discharges, which would take over four months. 


CHAPTER) 20x: 
ASSEMBLING AND INSTALLING. 


In assembling plates together, joining the edges of .the lead 
linings in tanks, or making any lead joint or connection, the two 
pieces to be joined should always be flowed or “‘burned”’ together. 
This operation consists in subjecting the edges to be united to a 
high temperature, such that the lead is melted and flows together, 
forming in effect a lead weld, without flux or alloy. 

This is accomplished in practice by means of the oxy-hydrogen 
blowpipe, which is merely a small copper or brass tube of about 
# of an inch outside diameter and } of an inch bore.. One end is 
capped with a small nozzle of from ;); to 3'y of an inch opening, 
the other end being covered with wire gauze. The tube is usually 
bent near the nozzle end to about a 30 degree angle, to facilitate 
the application of the flame on different forms of work. The end 
which is covered with wire gauze is inserted into a rubber tube, 
which leads the mixture of air and hydrogen gas to the blowpipe. 

The gauze is to prevent the flame at the nozzle from running 
back to the gas reservoirs. A stopcock in the line of the rubber 
tube or on the blowpipe permits the adjustment of the strength 
of the flame. 

The rubber tube goes from the nozzle to a branch at which 
two rubber tubes are connected, one connecting with the hydrogen, 
the other with the air reservoir. Stopcocks are also inserted in 
each of the branch tubes, so that the mixture can be varied. The 
rubber tubes are about one-quarter of an inch inside diameter. 

Hydrogen is generated by the action of sulphuric acid on zine 
or iron, the former being generally used. 

Arsenic in zine produces a particularly poisonous gas and should 
be avoided. 

The apparatus for producing hydrogen is shown in Fig. 110. 

A and B are tanks, the latter being air tight. The bottom of A 
is about 4 feet above the bottom of B. A lead pipe, C, runs from 
the bottom of A into B, extending downwards nearly to the 


bottom of B; d is a perforated partition or false bottom in B, 
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raised a few inches above the tank bottom, on which scraps and 
small pieces of zinc are placed, entrance to the tank being effected 
through the tight-closing opening f. Sulphuric acid is poured 
into A and flows through tube C into B. When its level has risen 
in B up to the zine, its chemical action on this metal is to form 
zinc sulphate, releasing free hydrogen gas. This generates a 
pressure in B, which, on reaching a certain value, forces the acid 
out through C, up to tank A, leaving the zinc uncovered, and the 
generation of gas ceases. If any gas be withdrawn through h, 
the pressure in B will fall, some acid will flow down from A and 
cover the zinc, resulting in the liberation of more gas. Thus the 
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Fie. 110. Oxy-Hydrogen Burning Apparatus. 


generator is entirely automatic, and the pressure is always constant, 
being that due to a column of acid having a height equal to the 
difference between the levels of the liquid in the two tanks. 
The usual pressure is about three pounds per square inch. 

From the generator the gas passes through h to P, which is a 
vessel filled with water, through which the gas must all pass before 
going through K to the blowpipe. P serves both to purify the 
gas and also to prevent the flame from getting back from the blow- 
pipe to the generator. The oxygen is supplied by pumping air into 
a reservoir or tank, a small, automatically controlled power pump 
or a hand pump being used. 

Electrolytic hydrogen generators are also employed, though they 
are found more frequently in Europe than in America. It is 
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claimed that hydrogen can be produced more economically in them 
than in the ordinary chemical producer just described. 

An important advantage that the electrolytic producer possesses 
is that both oxygen and hydrogen are obtained and the blowpipe 
flame is much hotter when pure oxygen is used than when it is 
diluted with nitrogen, which is inert and which forms 78% of 
air. With the hotter flame and pure gases, the work of lead 
burning is expedited and the labor cost reduced. 


Fig. 111. Electrolytic Hydrogen Generator. 


Figure 111 is a picture of an electrolytic gas generator designed 
by M. U. Schoop of Germany. Figure 112 is a diagrammatic scheme 
of the electrical and gas connections. AAA are containing cells 
of lead, glass or any acid resisting material. Immersed in each cell 
are four lead tubes, GGGG, which are perforated near their lower 
ends. These tubes have their surfaces greatly augmented by 
ribs or other means, such as are employed in making Planté elec- 
trodes, so that a large surface is exposed to the electrolyte. 

Each lead tube is placed in a larger containing cylinder of glass, 
the upper end of which is hermetically sealed. The length of the 
enclosing glass cylinders is slightly less than that of the lead tubes, 
so that at the lower ends of these electrodes the lead tubes project 
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down below the ends of the glass cylinders. Connected to the top 
of each glass cylinder is a glass tube which connects with one of 
the pipes for conveying the released gases to the gas holders. 
Four of these electrodes are placed in each containing cell and are 
arranged in pairs as indicated in Fig. 112. The electrolyte is 
made up of water and sulphuric acid, the density being about 
1.240. 
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Fig. 112. Diagram of Connections of Electrolytic Hydrogen Generator. 


Usually 5 cells are connected in series, the electric current enter- 
ing the first cell by one pair of electrodes and passing through the 
electrolyte to other pair, thence to a pair of electrodes to the next 
cell and so on through the series. Oxygen and hydrogen gases are 
evolved at the positive and negative poles respectively, and are 
caught in the surrounding glass cylinders, from which they 
are conveyed by the connecting tubes to gas holders, there being 
one holder for each of the two gases. 

Interposed in each main gas tube is a cleaning device which is 
simply an air-tight vessel filled with limewater, and having two 
pipe connections at the top. The one through which the incom- 
ing gas enters the cleaner, extends downwards to a point near the 
bottom of the vessel, while the other begins at the top of the vessel 
and is well above the level of the liquid in it. The gas passing 
through the cleaner, bubbles up through the water and passes out 
of the outgoing tube, thus being thoroughly washed. The lime- 
water also neutralizes any particles of sulphuric acid which may be 
carried off with the gas. 
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Distilled water is added as required to take the place of that 
decomposed into gas. A small glass tube communicating with 
each of the cells and with a reservoir which can be filled when re- 
quired, supplies the water as needed. This tube also serves to 
maintain the level of the electrolyte at the same height in every cell. 
Its small size makes the resistance through it from cell to cell so 
high that there is no appreciable current flow through it. 

The potential per cell is from 2.5 to 3.5 volts. Actual tests 
show that the energy required to produce 1 cubic meter of hydro- 
gen and one-half cubic meter of oxygen under a pressure equal 
to a water column one meter high, is 11 horse-power hours. 

This system cannot be used without gas holders, owing to the 
fluctuations of pressure which would result from taking the gas 
directly from the cells. 

Where lead burning is to be done at points of installation, com- 
pressed hydrogen and oxygen are shipped in steel bottles. The 
pressures are about 1700 lbs. per square inch, and consequently 
a considerable quantity of gas can be transported in a compara- 
tively small vessel. 

The electric are has been suggested for lead burning, and at one 
time the author made some investigations in this direction, but 
found that the work, though satisfactory, was not so good as could 
be done with the oxy-hydrogen flame, as the heat was too much 
localized. The chief difficulty with the arc, however, and one that 
makes it wholly impracticable, is the effect on the eyes of the 
workman. Smoked glasses and shields of all kinds were tried, but 
after a few operations the operator had to stop and for several 
minutes was practically blind from the dazzling light, though the 
effect soon passed off. The use of the arc was therefore abandoned. 

In cases where the amount of work done is small, the lead joints 
can be made by using a special alcohol blow torch or a hot solder- 
ing iron, with tallow or rosin for a flux. The tin solders and zine 
chloride fluxes must be avoided. In large installations, however, 
the construction is carried on with the assistance of a portable 
oxy-hydrogen apparatus or compressed gases in steel bottles. 

When battery parts are received at the point of erection from 
the factory, they should be very carefully unpacked. Rough 
handling may bend plates, or break separators and containing cells. 

After unpacking, clean the plates, jars, separators and other 
parts thoroughly. A hand bellows should be used to blow all 
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dirt or loose excelsior from the electrodes. The separators should 
be rubbed clean with a cloth and the containing cells washed 
clean. Wood separators are shipped wet, in oil-cloth packages. 
They must not be allowed to dry out, and therefore must be un- 
packed only when the plates are in position and ready for the 
insertion of the separators. The tanks should be filled with elec- 
trolyte as soon as possible after putting the separators in place. 

If any plates are bent, straighten them by compressing between 
two wooden boards which must be large enough to fully cover the 
plates. Apply pressure gradually with a screw press or some 
equivalent device. Never under any circumstances attempt to 
straighten plates by a blow from a hammer or mallet, as the active 
material will be loosened and fall off. 

The individual battery plates are assembled together to form 
a complete cell, by ‘“‘burning”’ to a common lead bar or strip, all 
the plates of like polarity; there being, of course, two bars for each 
cell, one being joined to the postive, and the other to the negative 
plates. ; 

The usual practice in the small and moderate sizes of cells is to 
make the plate connectors in the form shown in Fig. 113. 
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Fig. 118. Strap Connector. 


A is a plan of the connector which is cut out of sheet lead or cast 
in the form shown. The rectangular holes, a, a, a, a, are the size 
of the lugs on the battery plates, and are spaced the distance 
apart that the plates of one polarity are to be. 

The projecting end, d, is turned up at right angles to the plane of 
the connecting strip as indicated. The upper ends of the plate 
lugs are inserted into the holes and the lugs and strip are burned 
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solidly together, thus making a complete element. A _ positive 
and negative element are put into a cell, the plates being properly 
spaced by the connecting strips and adjacent plates prevented 
from touching by some form of separator. The cells are joined 
together by burning the ends d, d, or by bolts. 

If the cells be moderately large — say of 350 ampere hours 
capacity and above — two joining straps may be required in order 
to give sufficient current-carrying capacity. 


Fic, 114. Element in Glass Jar. 


When bolt connectors are used to join the terminal straps 
together, the nuts are made of hard brass or iron, and covered with 
lead. The studs are of iron or brass, but not lead covered, being 
protected by the nuts on either end and the straps through which 


they pass. 
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Figure 114 shows a small element in a glass jar with the ter- 
minal straps arranged for bolt connection, and Fig. 115 an in- 
stallation of cells so joined together, the latter figure showing 
cells with double connecting straps. 


Fic. 115. Installation of Cells with Bolted Connectors. 


When, connections are made with bolts, they should be inspected 
every month for the first two or three months, as the soft lead of 
the straps and nuts tends to ‘ flow’ under pressure, and joints 
that have been made tight occasionally flatten out and loosen 
after a time. 

When bolted joints are to be made and the nuts are lead covered, 
never attempt to force a nut on a stud when it does not screw on 
easily. If the nut is hard to get on, run a tap into it or a die 
over the stud, so that the nut will turn easily. Either paint all 
bolt connections with asphaltum or smear with a good layer of 
vaseline, so that the copper studs will be protected against the 
action of the acid spray if loose joints tend to expose them. 
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Scrape all parts that are to make contact so that they are 
bright, smooth and clean. Use a regular plumber’s scraper, which 
will remove the lead uniformly. A knife or a light sharp-bladed 
tool should not be employed, as it will chatter over the surface of 
the lead and merely roughen the parts. . 

When working around a cell, cover it in some manner. A 
heavy canvas cloth is useful for this purpose. Particles of metal 
or other substances may fall into the cell, also nuts or studs may 
be dropped into it, and these are difficult to remove, as they fall 
between the plates and may roll under them. Also an accidental 
blow with a wrench may break a containing cell. These possible 
accidents will be obviated by covering a cell when doing any work 
near it. 

It may here be noted that all metal work near batteries must be 
lead covered. Any metal in a battery room subjected to acid 
fumes should be painted with acid-proof paint. No ironwork 
should be used in a battery room except where unavoidable. If 
- iron parts are necessary they should be well painted. The best 
paint to use is some bituminous compound, such as asphalt. Lead 
coverings are of but little value unless thickly applied, as thin 
coatings of lead are liable to be abraded in working and erecting 
the parts and these abrasions form pockets for the accumulation of 
acid vapors which will corrode the underlying metal. 

In larger size cells, strap connectors and assembled elements are 
too heavy to be handled, and the assembling is done at the point of 
installation. The tanks are first put in place, then the plates put 
in and spaced by the glass separators, after which connecting, or 
so-called, bus bars are put into position, and the plate lugs burned 
solidly to the bars. Each bus bar has welded to it one set of posi- 
tive plates which are in one tank, and one set of negative plates 
which are in the immediately adjacent tank. The cells are thus 
joined in series, and the path traveled by the current from one cell 
to the next is very short. This method of assembling the elements 
is made clear from Figs. 98,'99, 116 and 117. 

Figures 98 and 99 show single tanks with their two sets of 
elements joined to their respective bus bars, while Fig. 116 shows 
a plan of a single cell with a portion of the adjacent cells on either 
side. In this cut p, p, p, p are the positive plates and n,n,n,n the 
negatives. B, B are the lead bus bars having a cross section such 
as shown in Fig. 117.. The negative plates in the tank (Fig. 116) 
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are all welded to the left-hand bus bar, while the positive plates 
in the left-hand adjacent tank are welded to the same bus bar. 
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Fic. 116. Plan of Cell with Welded Connections. 


The right-hand bus bar has, connected to it, the positive plates 
in the tank and the negative plates of the cell on the right hand. 
Thus the elements are connected in series. 


Fig. 117. Cross-section of Bus bar, 


The manner of doing this lead burning is depicted in Figs. 118 
and 119. Figure 118 shows what is termed a “ burning set-up.” 

A and C are the adjacent sides of two lead-lined tanks, P is the 
left edge of a positive plate in tank A, resting on the glass sup- 
porting sheet 8. Its terminal lug, which is beveled, projects 
towards the bus bar B, located midway between the two tanks. 

N is a negative plate in tank C, also supported on glass sheets 
and having its terminal lug projecting towards the bus bar B. 
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Underneath the bus bar B and each set of plate lugs is placed a 
flat iron bar E called “ burning irons.’ These rest on wooden 
wedges W, which in turn are supported on a heavy timber H, 
and this rests on the upper edges of the tanks. By means of the 
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Fig. 118. Burning “Set-up.” 


wedges the level of the burning irons E, and consequently that of 
the bus bar B, may be adjusted so that the lower edges of the 
bus bar are exactly flush with those of the plate lugs. 

The plates are burned to the bus bar with the assistance of 
special tongs, shown in Figs. 119 and 120. Figure 119 shows the 
tongs, bus bar and plates in elevation. Figure 120 is a plan. 
The tongs are beveled at the end to conform to the bevel of the 
bus bars, and the space between the two sides or “ nippers”’ of 
the tongs, when they are closed, is just equal to the thickness of 
a plate. Lead is melted into the triangular space between plate 
lug and bus bar, the oxy-hydrogen flame being used. The lead 
is melted in gradually from the end of a bar, so that the joint is a 
complete weld. 
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The right-hand sides of Figs. 119 and 120 show plates welded 
to the bus bar, while the plates on the left hand are prepared for 
burning. 


Lead Bus Bar 


Positive 
Plate 


Negative Plate Burning Iron 


Fic. 119. Elevation of Burning Tongs and ‘‘ Set-up.” 


Some makers have installed cells in which the tanks were placed 
close together, and each positive of one set of elements was joined 
directly to a negative of the adjacent set. 
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Plate 
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Burning Tongs Negative Plate 


Fia. 120. Plan of Burning Tongs and ‘ Set-up.” 


The cross section of the bus bars need not be great, as the distance 
that the current is carried is short, and the path is practically 
from plate to plate. Also, since conduction takes place across 
the bus bar from side to side, instead of along its length, the cross 
section available for conduction per plate is C, D (Fig. 117), multi- 
plied by the length of the bar from the center of one plate to the 
center of the next. 

When the last cell of. a row is reached and the current is led 
to another row or to the switchboard, it must travel, at least for 
a short distance, along the length of the last bus bar, and in 
order to give it proper carrying capacity it is reinforced, as shown 
in Fig. 121. A copper strip is laid in the channel on the under 
side of the bar, and lead poured around it, the conductivity being 
increased thereby. In some cases, the copper bar is put into a 
mold, and the lead poured directly around it. 

At points where the current is taken off, connection is made with 
a reinforced bus bar, by means of a lead covered copper connector 
which is joined to the copper reinforcing bar. 
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Figures 122, 123 and 124 show one of the methods of making 
this connection. The cable terminal (Fig. 124) is bolted to the 
upright copper bar or connector. In many cases the upright piece 
is cast solid with the reinforcing copper bar, and the joining of the 
two obviated. 
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Fic. 122. Cross Section of Reinforced Fic. 123. Reinforced Bus-bar 
Bus-bar Terminal. Terminal. 


The room in which a storage battery is installed should be 
kept at a moderate temperature. It should be well ventilated, 
easily accessible, and the floor covered with brick or asphalt. 
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Cement floors are suitable only when kept clear of acid, as the 
action of sulphuric acid on even the best of cements is to dissolve 
them, and make them mushy and cause their final disintegration. 
Paraffined concrete, however, makes a very good floor. 
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Fig. 124. Lug for Bus-bar Terminal. 


Wooden floors have been used but their life is limited, as the 
acid from spray or leakage soon disintegrates the wood. If catch 
troughs of thin lead or asphalt be placed under each row of cells 
the greater portion of the released acid will be prevented from 
reaching and spreading over the wood, and the floor will last much 
longer than if these catch troughs be omitted. 

The best, though a somewhat expensive, floor is made of concrete 
overlaid with a layer of sand about $ inch thick, and on the sand 
is a covering of vitrified brick or tile set with wide joints which 
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latter are well grouted with tar or a high grade, pure asphalt, 
preferably asphalt. 

Proper arrangements should be made for draining the battery 
room. Usually the floor is made to slope slightly from every 
direction downwards to a central point, at which an opening is 
made, connecting with a drain or sewer, the hole being covered 
with a cast-iron grating. 

In large battery rooms several of these drains should be put in 
and the floor divided into sections, each sloped towards its drain. 

The gases that form in a battery near the end of charge, together 
with the sulphuric acid vapors, make the atmosphere difficult to 
breathe and liable to injure any metal work in or near the battery. 
Therefore it is important that battery rooms be well ventilated, 
and usually it is necessary to employ for this purpose a small 
motor-driven ventilating fan, which continuously withdraws the 
acid vapors from the room. The ventilating system is always 
so arranged that the air from the battery room, with its corroding 
acid vapor, does not pass through the ventilating fan. 

There are two methods of ventilation. In one, air is blown into 
the room and, by reason of the higher pressure thus produced, 


Fig. 125. 


the internal air passes out through an opening provided for the 
purpose. In the other, a current of air is blown through a pipe, 
and this air current produces a draft which draws air from the room. 

Figure 125 shows diagrammatically the first described method. 
A is » blower driven by a motor, blowing air through screen box 
D and through opening B into the room. C is the exit for the 
outgoing air. d, d, d, are diaphragms of some open mesh cloth, 
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three in series, placed in the screen box between the fan and the 
room. The function of these diaphragms is to filter any dust or 
impurities out of the incoming air. They are placed in sliding 
frames which may be easily and quickly withdrawn and the 
fabric brushed clean. 

In using this system the opening for the incoming air and that 
for the outgoing air must not be made near any battery cells, as 
the rush of air will take up so much of the electrolyte that the cells 
adjacent to these openings will either require careful daily atten- 
tion, or they will be subject to the ills that attend on partially 
filled cells. The air must enter the room at some distance from 
the cells, spread evenly through the room, and make its exit at a 
point near which no cells are located. The openings should 
be located near the floor, as the acid vapors are much heavier 
than air. 

The second method of ventilation is indicated diagrammatically 
in Fig. 126. The fan A drives air through the pipe E, the axis of 
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Fic. 126. Method of Ventilation for Battery Rooms, 


which lies at a very acute angle with the axis of pipe C, which 
latter is within the battery room and has one end open inside the 
- room while the other end projects through the wall and out into 
the atmosphere. Holes H, H, H are cut at intervals in the pipe 
C, as indicated. 

When the current of air driven by the fan passes into tube E 
and outward through it into the external air, it draws with it, 
through the inner end of the tube C and the holes H, H, H, the air 
in the battery room. There must be an opening into the room 
to allow the ingress of fresh air. The air passing through this 
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opening should be screened, as indicated in the figure and before 
described. 

The tubes may be of vitrified tile, sewer pipe, or wood lined with 
sheet lead. 

Racks are heavy wooden frames or stands, on which the batteries 
rest, and, where floor space is limited, they are generally made to 
carry two tiers of cells, an upper and a lower. 

Figure 127 shows a general form of construction which is 
strong and simple. The dimensions, of course, vary with the size 
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Fic. 127. Battery Rack. 


of the cells. The method of making up this stand and the general 
proportions are obvious from the figure. In laying out a battery 
rack, it must be remembered that the weights supported are 
great, and the construction must be in accordance with this fact. 
The racks should be well painted with asphaltum paint to pre- 
vent the destruction of the wood by spraying acid. 

Tron braces are sometimes used, but this is not advisable, as the 
acid leaking, or being thrown out with the ebullition of gas from 
the upper cells, will spread over the rack, and if it touches the iron 
will corrode it, and the iron salts formed would probably drip 
down into the cells beneath, or the gases from the lower cells 
would corrode the iron, making loose scales, which in time would 
fall into the lower cells. For these reasons iron racks are never 


used. 
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If any iron is used in the construction, it should be heavily 
coated with asphalt, or some equivalent protective covering. 
Racks should be set level, with the legs on vitrified brick. Some 
constructors put an insulator under each leg, the insulator rest- 
ing in turn on a tile or vitrified brick. 

Where large cells are installed, they are usually set on wooden 
stringers. These are elevated above the floor level by being set 
on insulators. Insulators are also placed between the cells and 
the stringers on which they rest, thus giving a double insulation 
from cell to floor. 

The most recent practice is to sectionalize the stringers, making 
a pair just long enough to go under a single cell. With the double 
insulation and sectionalized stringers there is a quadruple insu- 
lation from one cell to any other cell, which is advantageous, 
especially in railway installations, where potential differences of 
600 volts may exist between cells not very far apart. 

Stringers, like racks and, in fact, all woodwork in a battery 
room, should be made of some resinous wood like yellow pine, 
thoroughly dried and heavily coated with asphaltum paint. 

Individual cells must be well insulated to prevent leakage 
losses. Since the electrolyte often spatters out when the batteries 
are gassing, and is a good conductor, it is difficult to maintain a 
high degree of insulation. 

The ordinary method is to rest each cell on four or more triple 
petticoat insulators — as indicated in Figs. 98, 99, 115 and 127 


Fic. 128. Insulator. 


(see insulators under containing cells). Figs. 128 and 129 show 
the types of insulators generally used. Glass insulators are 
superior to porcelain and should always be used. 

To prevent the spread of electrolyte, which may have leaked 
or spattered out, and also to give an even distribution of the cell 
weight over the bottom of the jar, sand trays are used with glass 
containing cells. These are shallow trays made either of well- 
seasoned and paraffined wood, dovetailed and screwed together, or 
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of glass. They are about 14 inches deep, and are filled with sand, 
and on this sand is placed the cell. The insulators are placed under 
the sand tray. The bedding of sand absorbs the lost electrolyte 


Fic 129. Insulator. 


and prevents the electrical leakage which otherwise would occur. 
The sand should be of a good grade, perfectly dry, and preferably 
white silica sand, free from lumps and stone. Sawdust is a good 
substitute for sand and is frequently used. In Figs. 98, 114, 115 
and 127 are shown sand trays underneath the glass jars, Fig. 114 
showing a glass tray. Glass sand trays are more satisfactory and 
durable than wooden ones. They are usually made with bosses 
on the under side, on which they rest, and these serve both as 
supporting feet and insulators. No insulators, therefore, are 
required when glass sand trays are used. 

Trays are not used with lead-lined tanks, these being placed 
directly on the stringers, with the insulators only underneath them. 

In setting glass or rubber jars on the sand (or sawdust) in 
sand trays the sand must be gouged out of the middle of the 
tray so that the cell is supported around the edges and not on the 
central part of the bottom. If this precaution is not observed, 
“ mysterious’ breakages of glass cells will follow, due to the 
concentration of the weight on the bottom near its center. 

After the installation is complete, test with a magneto for possible 
short circuits before pouring the electrolyte into the cells. 

If the electrolyte is made by mixing acid and water at the point 
of installation, do this as directed in Chapter VI. A bottle of am- 
monia or some bicarbonate of soda should be kept on hand to 
neutralize acid which may be spilled on clothes. 

The cells should be covered with a sheet of glass or other non- 
conducting, acid-resisting substance, laid on top of the plates so 
that all acid spray produced by gassing is arrested, and drips back 
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into the cell. Evaporation is also partially prevented. While 
not absolutely necessary, it is important that these cover sheets 
be put on. 

In connecting up the cells be sure that the positives of one cell 
are connected to the negatives of the immediately adjoining cell, 
and that the positive and negative terminals of the charging 
dynamo are connected to the positive and negative terminals, 
respectively, of the battery. 

If no instrument is available to show the polarity of the charg- 
ing circuit, take two strips of bright lead and connect to the power 
circuit with an incandescent lamp in series with one of the strips. 
Immerse the two strips in a vessel of dilute sulphuric acid, keep- 
ing them well separated. In a few minutes a brown film will 
form on one of the strips, and this one is the positive side of the 
circuit. After the battery has been erected, prepare to give the 
initial charge. Do not pour in the electrolyte until all connections 
are made and the current is ready. 

Start charge as soon as possible after pouring in electrolyte. 

Never allow the battery to stand longer than two hours after 
the acid is put in, before starting the charge. 

Charge at the normal rate as given for the particular battery 
by the manufacturers. 

Continue the charge until the gravity of the solution and the 
voltage cease to rise. The charge should not be interrupted unless 
the temperature rises above 100 degrees F., in the event of which 
the current should be reduced to one-half the normal rate, and in 
case this is of no avail the charge should be discontinued and the 
battery allowed to cool, then charging should be resumed at half 
the normal rate for a few hours, when the current can be increased 
to the normal rate. The time for the initial charge is uncertain, 
taking from 36 to 60 or even 72 hours. Its duration must be 
governed entirely by the conditions above mentioned as to gravity 
and voltage. 

At the end of charge adjust specifie gravity of the solution to 
the standard strength 8S. G. 1.200, and its height above the top 
of the plates to the standard level of 1 inch. 

After the initial charge, the battery can be put into service, 
although it is better to discharge it about one-half, at the normal 
rate, and then immediately to recharge it, before putting into 
regular use. 


CHAPTER XXI. 
DURABILITY AND CAUSES OF DETERIORATION. 


THE portions of a battery installation subject to injury or 
depreciation are: 

(1) Stringers or racks. 

(2) Insulators. 

(8) Sand trays (if used). 

(4) Containing cells. 

(5) Electrolyte. 

(6) Positive plates. 

(7) Negative plates. 

(8) Separators. 

(9) Bus bars and connectors. 

If the stringers or racks are of thoroughly dried wood, well 
filled with asphaltum paint and kept reasonably clear of acid spray, 
they will last for many years. If not well painted, however, 
and if covered with a film of acid, they soon are eaten away and 
have to be replaced. The attendant cost is far beyond that of 
the stringers themselves, as the changing of supports under heavy 
loads such as battery cells is expensive under ordinary condi- 
tions, and when extreme care has to be used as well not to break 
the plates, connections, or tank linings, the cost is relatively very 
great. All woodwork, therefore, must be kept dry. 

In this connection, the approximate comparative costs of 
different items entering into the cost of a battery installation 
may here be given. They are: positive plates, 32%; negative 
plates, 22%; lead-lined wood tanks, 12%; acid, 3%; racks, insu- 
lators, connectors, etc., 12%; work of installation, 19%. 

Insulators are permanent if properly selected and not sub- 
jected to any blows or impact from setting tanks on them, or by 
such external causes as blasting in the neighborhood. The size 
and number under each cell should be such that no excessive 
compression strains are produced. 

Sand trays, when of wood, are subject to the same kind of 
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deterioration as rack and stringers. Therefore the same pre- 
cautions as to painting and dryness apply. 

Glass sand trays are permanent unless broken by shock or too 
rapid changes in temperature. 

Containing cells. It is particularly important that these be 
preserved against injury, as there placement of large-sized ones 
means not only the cost of the new tanks but the expense of cut- 
ting out plates, and subsequent re-erection. Also if the plates 
have been in service for a long period, the handling, in removal, 
may injure them so that new elements will be required, the effect 
being to reduce the length of service of the plates. In nearly 
every instance the separators will have to be replaced with new 
ones. The durability of lead-lined tanks depends on: 

(a) Thorough painting of wood inside and out at time of con- 
struction. 

(b) Secure, first-class lead burning at all joints. 

(c) Proper thickness of lead lining. 

(d) Insulation from stringers and adjacent tanks. 

(e) Dryness of tanks, insulators and stringers. 

(f) Absolute separation of plates from lining. 

If there is any leakage of current through the lead lining, it will 
become pitted, and soon small perforations will be produced. 

Absolute insulation of every tank from its neighbors and from the 
stringers is necessary to avoid this trouble. Acid spray forming 
a film over the surface of tanks and insulators provides a path 
for current leakage. It also finds its way into fine joints, cracks 
or other openings and eats away the wood. Glass sheets used as 
covers over the tops of the cells will prevent most of the acid 
spray from leaving the cells, and should, in most cases, be put 
in place. 

A wet battery room means the rapid depreciation of nearly 
every part of the installation. 

The electrolyte requires but little acid renewal, and the amount 
used in a year represents an insignificant cost. Considerable 
distilled water must be used, however, to replace that lost by 
evaporation, electrolytic dissociation, and that lost as spray. 

The separators will last just as long as the plates are undis- 
turbed, but whenever the elements are removed from the cells 
new separators generally have to be put in when the elements 
are reassembled, unless the separators are only a few months 
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old. This applies to wood separators. Glass rods are permanent 
unless accidentally broken. 

The bus bars and connectors may be considered as permanent 
if the parts of copper or iron are well coated with asphaltum 
paint and the battery room is kept dry and well ventilated. 

The durability of battery electrodes is dependent on: 


(1) Character of 
(2) Adhesiveness to supporting grid of 
(3) Means for holding to grid of (pasted 
plates) 
(4) Thickness of layer of 
(5) Porosity of 
(6) Distribution over supporting plate sur- 
face of 
(7) Density ) 
(8) Quantity 
(9) Purity ) 
(10) Rate of charge per unit of plate area. 
(11) Rate of discharge per unit of plate area. 
(12) Duration of maximum rates. 
(13) Maximum voltage to which cells are charged. 
(14) Minimum voltage to which cells are allowed to discharge. 
(15) Time elapsing between the cycles of charge and discharge. 
(16) Maximum temperature at which cells are operated. 
(17) Maximum length of time cells are permitted to stand idle 
in electrolyte. 
(18) Efficiency of separation between plates. 
(19) Freedom from conditions favorable to local action. 
(20) Location with reference to gases which might be absorbed 
in the electrolyte and prove injurious to the plates. 
(21) Amount of available base lead on the peroxide elements 
which may be converted into active material (in Planté plates). 


active material. 


of electrolyte. 


In previous discussions, most of the characteristics enumerated 
and their effects on the general working of batteries have been 
considered. This chapter, therefore, is practically a recapitula- 
tion of preceding observations, collated with reference to their 
effect on the life of the plates. 

(1) The character of the active material which is best suited to 
produce long life is hard and tough, yet porous and of low specific 
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gravity. The coherence between the particles should be of a 
high order, and the whole should be a strong, compacted mass, 
hard like soapstone, in the case of the peroxide element, resisting 
the thumb nail, while the spongy lead element should be soft and 
easily pressed into by the nail. Such materials can expand and 
contract without shedding or dropping particles from the surface. 

(2) The material must also be firmly attached or held to the 
support plate or grid. Otherwise, parts may shed or peel off, no 
matter how coherent the active material itself may be. Poor 
contact, also, allows gradual sulphation of active material, as it 
is not thoroughly traversed by the charging current and changed 
back to its proper state, Pb or PbO,. Furthermore, with a pasted 
plate there is always the possibility of a layer of sulphate form- 
ing between the grid and the active material. 

(3) The efficiency of an envelope, where one is used with pasted 
plates, affects the durability, as is obvious. 

(4) The thickness of the layer of active material is also a 
factor and it should depend on the service the battery is to per- 
form. Since expansion occurs on discharge and contraction on 
charge, there is always a tendency to break off the active material 
or to distort the plate itself if this expansion be too great. There- 
fore, for a given quantity of active material the thicker the layer, 
the less the exposed area will be for a given quantity of active 
material and the surface expansion will be less for a given ampere 
hour discharge. If, however, the layer be too thick, the capacity 
at high discharge rates is lowered, and other considerations require 
that the layer be thin where the battery is to charge or discharge 
at rapid rates. Only in batteries that operate under moderate 
rates of current flow should the layer be thick. 

The life of a positive plate is limited chiefly by the shedding of 
the lead peroxide, which loss of active material is inseparable 
from the working of storage cells. 

The increase in the volume of active material on discharge is 
considerable, and with a hard, unyielding material, such as lead 
peroxide, any changes in volume, repeatedly produced, must 
result in the cracking loose of particles from its mass and from 
the supporting grid. Also on high discharge rates that portion 
of the layer furthest from the grid is more completely reduced to 
PbSO, than the portion in contact with the grid, because the 
electrolyte is in contact with the surface of the plate, but to reach 
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the interior of the active mass, it must diffuse through the pores 
of the material, which diffusion cannot take place freely through 
a thick layer. The outer surface of the layer, therefore, expands 
more than does the inner portion. This inequality of expansion 
causes a rapid shedding of the lead peroxide. Therefore if the 
plates be subjected to rapid discharge, a thick layer will shed 
faster than a thin one: the converse condition obtaining if the 
discharge rate is low and prolonged until the cell is completely 
discharged. —- 

The sponge lead on the negative electrodes also expands when 
changed into lead sulphate, but the material being soft and spongy 
can change its volume easily without shedding. 

(5). The greater the porosity, the more accessible is each particle 
of active material to the electrolyte, and the more complete and 
uniform the chemical action; also the expansion tending to distort 
the plate will be less, as the pores leave some space which allows 
the molecules to increase their volumes: in other words, the 
material becomes more dense on discharge. 

(6) The distribution of the active material over the support 
plate has a most important bearing in that unequal distribution 
or unequal densities or unequal contact with the grid at different 
points on the surface will result in unequal distribution of current. 
This causes unequal expansion of the different parts of the same 
plate and allows some of the active material to become overcharged 
from excess of current flow through it, while other parts are under- 
charged. The charge tends to equalize itself over all the active 
material after the battery has stood for a short time with current 
cut off, but before this equalizing takes place, and during it, con- 
ditions are favorable for local action. 

(7) If the density of the electrolyte be too high, there is danger 
of sulphation of the negative plates. 

Pfaff has made some experiments on the influence of acid con- 
centration.* He found the positive plates were affected only 
slightly by changes in electrolyte density. High electrolyte 
densities, however, are ruinous to the negatives, as has been ex- 
plained in Chapters VI and X. 

(8) If there is not enough electrolyte in the cell, the density 
toward the end of discharge —especially in the pores of the 
plates — becomes low and the acid is highly diluted. This leads 

* Centralblatt fir Akkumulatoren, Vol. II, pp. 73 and 173. 
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to concentration currents and consequent partial sulphation of 
the electrodes. Also the electrolytic decomposition of highly 
dilute acid appears to have a deleterious corrosive effect on the 
elements, which shortens their life. 

(9) The effects of impurities in electrolyte are, generally, to 
corrode and eventually disintegrate the plates, to fill up the pores 
and decrease their capacity, or to cause local action by depo- 
sition on the plates and producing with the active material on 
which it may be deposited, a couple, which causes local action. 

If the impurities are lead-attacking acids or their salts, the 
rapidity of shedding of the positive active material is increased 
and in Planté plates the underlying base lead is more rapidly 
attacked. 

(10) Moderate rates of charge and discharge allow the concen- 
tration changes of the electrolyte in the pores of the active material 
to take place gradually, the rate of diffusion being as rapid as 
the concentration changes, and thereby more nearly equalizing 
the charge throughout the mass of the material. Also the con- 
traction in volume of the active material takes place so slowly 
that the lead peroxide does not crack or shed so much as when 
the charge rate is high. 

High charge rates throw off a greater amount of lead peroxide 
than do low rates, not only because of the rapid change in volume 
mentioned, but due also to the rapid evolution of gas within the 
pores of the plate, which forces its way through the material and 
carries off small particles with it. 

High charge rates may produce an unequal rate of conversion of 
the active materials in parts of the same plate, and the unequal 
stresses set up by the volumetric changes will cause distortion or 
“buckling ”’ of the plate. 

Extremely low rates of charge will cause Planté positive plates 
to sulphate. The charging current for Planté positive plates must 
not be less than the 16-hour rate, as lower discharge rates will 
cause buckling or cracking of the plates and excessive corrosion of 
the underlying base lead. This is due to the fact that the poten- 
tial difference between the plate and the electrolyte is below the 
eritical potential difference as explained in Chapter III, and a 
rapid formation of sulphate from the base lead takes place. Plates 
having provision for expansion will not be distorted, but in any 
case the lead is corroded and the durability of the plate reduced. 
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(11) Moderate rates of discharge are desirable, just as moderate 
rates of charge are, and for practically the same reasons. Rapid 
charge is more harmful, however, than rapid discharge, owing to 
the fact that the material in the former case is contracting, and 
if the change takes place too rapidly may pull loose from the grid, 
and this tendency is augmented by the evolution of gases. 

Jumau has made a study of the loss of active material from 
several types of plates, his observations extending over a long 
period of time. 

He found that the amount of lead peroxide released from the 
grid and deposited in the bottom of the cell is a function of the 
ampere hours discharged and is affected but little by the rate at 
which the discharges take place. 

The curves shown in Fig. 130 indicate the amount of deposit 
taken from the cell from a given number of discharges. About 
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Fic. 130. Shedding of PbOs, with Number of Discharges 


50% of this deposit is sulphate. By experiment, 0.88 gram of 
PbO, will give 1 gram of deposit. Therefore the figures represent- 
ing the ordinates of the curves should be multiplied by 0.88 to 
give the actual weight of PbO, released from the plates. 

The kinds of plates, change in capacity, rates of charge and 
discharge, number of discharges and deposit per ampere hour are 
given in the table herewith. 
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TABLE XIX. 
Least spe- é No. of ? 
No. of Periods cific ca- | Amps. per Lhe dis- S Craze 
Type of ; Saat peroxide, ; deposit, 
curve ake of dis- pacity in sq. dm. erams per charges ae 
in fig. P : charge. | amp. hrs. | discharge. to end 
amp. hr. ¢ amp. hr. 
per sq. dm. life. 
0-50 5.88 Devens 0.068 3 
1 Pasted..| 50-75 5.94 0.775 0.067 75 0.068 
75-93 3.00 0.775 0.500 
0-50 3.80 1.030 0.068 
50-100 B00 1.030 0.087 
2 | Pasted .-| 199-990 | 3.25 | 1.030 | 0.068 | 720; 0-073 
200-230 3.00 1.030 0.072 
0-50 4.00 0.090 
50-100 4.05 0.067 
3 Mixed...| 100-200 4.40 6.80 0.051 370 0.053 
200-300 4.90 0.044 
300-370 5.00 0.037 
0-50 PA las 0.091 
50-100 2.25 0.059 
100—200 2.50 0.046 
200-300 2.90 0.040 
300—400 3.60 0.037 
4 Mixed...} 400-500 4.20 6.80 0.034 945 0.043 
500—600 4.75 0.040 
600-700 5.38 0.035 
700-800 D205 0.032 
800—900 5.10 0.053 
900-945 4.15 0.086 
0-50 2.28 0.070 
50-100 2.32 0.095 
5 Pasted .. 100-200 2.38 1.030 0.097 230 0.090 
200-230 2.62 0.039 
0—50 0.50 Oris 0.023 
50-100 1.25 0.227 0.016 
100-200 1.88 0.453 0.026 
6 Planté... 200-300 2 40 0.453 0.026 444 0.036 
300—400 3.25 0.453 0.036 
400-444 3.20 0.453 0.072 
0-50 3.80 0.050 
il Planté... 50-115 2.88 1.225 0.083 115 0.066 


The following results are particularly notable. The loss of 
peroxide is far less in the case of Planté plates than with the 
pasted type, while the mixed variety (i.e., pasted plates having soft 
lead grids which may be coated with peroxide and form base lead, 
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from which peroxide may be produced as the pasted material falls 
away) lies between the Planté and the pasted types. The Planté 
plates last through a larger number of discharges at rapid rates 
than at slow rates. This is due to the fact that the number of 
ampere hours is less for a high rate than for a low rate, and the 
loss is more nearly proportional to the ampere hours than to the 
number of discharges. The loss of material per ampere hour is, 
however, higher at high than at low rates. In some cases doubling 
the rate will increase the loss of peroxide per ampere hour over 
30%. 

Rapid discharge may also produce peroxide on the negative 
plate by reason of the copious release of oxygen and other prod- 
ucts of electrolysis. The final result would be local action. 

(12) From (10) and (11) it follows that the bad effects due to high 
current rates are proportional to the times during which they 
continue. 

(13) While it is occasionally advisable — say once a month — 
to charge the batteries up to about 2.60 volts per cell, this would 
be harmful if done continuously, because the gases formed inside 
the pores are liable to crack or peel off the active material in forcing 
their way out. They also may force themselves between the 
active material and the grid, thus decreasing the contact between 
the two and paving the way for troubles from sulphation by 
secondary action. 

The active material is also liable to break or “‘shed,’’ because its 
volume changes greatly, owing to the complete reduction of sul- 
phate. It is, however, well to overcharge several times each year 
in order to completely convert the sulphate which may have 
accumulated, into peroxide. Some manufacturers advise that this 
overcharge be given weekly. 

(14) The minimum voltage to which a battery is permitted to 
discharge is probably the most important of all the factors which 
affect durability. If the discharge be carried too far, over-sulpha- 
tion, dangerously great change in volume of active material, result- 
ing in fracture, shedding or buckling, excessive dilution of acid in 
pores, resulting in local sulphation, are the possible consequences. 

(15) If considerable time elapses between the end of discharge 
and the beginning of charge, sulphation invariably occurs. Cells 
which are fully charged, and which are allowed to stand idle for any 
considerable length of time, will discharge themselves by leakage 
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and local action, and the active material gradually becomes 
sulphated. 

The sooner a battery can be charged after the end of discharge, 
the more satisfactory will be its operation and the longer its life. 

(16) The maximum temperature at which a battery is operated 
should not exceed 90 degrees F., and certainly not be greater than 
100 degrees. Pasted electrodes are injured less than Planté plate, 
under high temperatures. At high temperature the chemical 
activity is more rapid, the pores more open, and tendency to sul- 
phation therefore greater than at lower temperatures. 

(17) If the plates are not efficiently separated, and leakage or 
short circuits can form from one plate to the one adjacent, obvi- 
ously the conditions for internal discharge and ultimate sulphation 
will be present. 

(18) If batteries be located where fumes or gases which carry 
lead-attacking elements, may be absorbed by the electrolyte, and 
afterwards travel from the anode to cathode, and back again, as 
charge and discharge take place, the probability is that the plates 
will finally be disintegrated. This is a condition which might 
easily obtain in a chemical works and plants of a like character. 
This is particularly true of ammonia, which may be absorbed if a 
battery is installed near refrigerating plants or stables. 

(19) In Planté plates, the life of the positive elements is depend- 
ent largely on the amount of lead in the plate, available for con- 
version into active material. As the peroxide coating sheds, the 
action of the charging current converts the exposed lead left 
into peroxide, and in this way the plate is being continuously 
re-vitalized. The usefulness of the plate is ended when the 
available lead is completely used up. Planté plates having thick 
ribs are therefore more durable than those having thin ones, though 
this durability is obtained at the expense of a reduction in capacity, 
as a plate having a number of thin ribs has a greater capacity than 
one of the same size but having a smaller number of thick ribs. 

Usually the positive plates next to the outside negatives, disin- 
tegrate before the other positives show signs of serious deprecia- 
tion, because they are more active and give more than their 
proportional amount of current on discharge. This is due to the 
fact that the current flow from the outside negatives is less than 
from the other negatives because only one side is active. The 
potential drop through the grid is therefore less, and in the 


DURABILITY AND CAUSES OF DETERIORATION 249 


tendency to equalize the drop between different plates the outer 
negatives supply more current than they should, and cause an 
excess of current flow in the adjacent positive plates. 

In connection with the question of durability a test made in 1902 
by the French Admiralty is of interest. The conditions of the 
test were that no cell weighing above 225 kilograms (500 lbs.) 
could compete. Each cell was required to stand charge at the rate 
of 330 amperes, and each charge was to exceed the discharge in 
ampere hours by 50%. The rate of discharge was 600 amperes, 
the final voltage 1.65 at this discharge rate which must last at 
least half an hour. 21 cells were submitted, and after 250 dis- 
charges, only 5 cells were capable of discharging at the specified 
rate for half an hour. Of these five the best four were exclusively 
pasted electrodes, and the best cell (a Heinz) weighed only 181 kilo- 
grams (403 lbs.), of which 106 kilograms (357 lbs.) represented the 
weight of the electrodes. 


CHAPTER XXII. 
DISEASES AND THEIR REMEDIES. 


From the enumeration of conditions for durability, it can be 
seen that most troubles are the results of failure to observe the 
requirements cited. 

The principal diseases to which a battery is subject are: 

(1) Loss of capacity. 

(2) Corrosion of plates. 

(3) Fracture and buckling. 

(4) Shedding of active material. 

(5) Sulphation. 

(6) Reversal of negative plates. 

(7) Internal discharge. 

(8) Hardening of negatives in air. 

(9) Loss of voltage. 
(10) Softening of peroxide (on pasted positive plates). 

(1) Loss of capacity — as distinguished from loss of charge — 
may arise from (a) clogging of pores of the lead sponge with sul- 
phate or impurities; (b) contraction of the pores of the mass; 
(c) loss of active material from the grid; (d) formation of a layer 
of sulphate between the grid and the active material; (e) loss of 
electrolyte. 

When the negative plate shows a decreased capacity, and 
exhibits no sign of sulphation or loss of material, it will generally 
be found that the material has shrunken, or the pores are clogged 
with sulphate and impurities. 

The rejuvenation of these plates is accomplished by charging 
the battery, removing the negative elements, placing them in a 
bath of sulphuric acid as cold as possible and having a density 
of 1.240. They are connected as anodes, or in a reverse manner 
to that in which they are normally connected. As cathodes, 
‘dummy ”’ plates of plain sheet lead about 4's inch thick are used. 
On passing current through the plates, the sponge-lead is con- 
verted into PbO, When the active material is completely per- 
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oxidized, the current is again reversed, the acid in the bath first 
being removed and fresh acid substituted in order that the im- 
purities may not be redeposited on the negative plates. When the 
elements are finally converted back into sponge-lead and _re- 
assembled with the positives, it will be found that the capacity 
and activity of the battery are increased and brought up to nearly 
their original condition. Reversal of the complete battery — both 
positives and negatives — should be avoided if dummies can pos- 
sibly be secured. If not, however, and the reversing be carefully 
done, possibly no harm will result to the positive plates. 

The rate of current flow on reversal and the subsequent change 
back to sponge-lead should be high so that the changes are 
rapidly passed through, thus avoiding the danger of sulphating. 
The 3-hour current rate should be used until the plates become 
brown and gas vigorously. The current should then be gradually 
reduced to the 8-hour rate. The charge should be continued until 
a condition is reached where, if the current be stopped for one-half 
hour, and then turned on again, gassing immediately begins. Be 
sure before allowing to stand on open circuit that all sponge-lead | 
is converted to PbO,, otherwise a heavy internal discharge will 
result. If the temperature rises above 70 degrees F., the plates 
will disintegrate and be ruined. 

The reversal of the plates back to sponge-lead must be done in 
the same manner as the first reversal: After the plates have been 
brought back to sponge-lead a prolonged charge at about one-half 
the 8-hour rate should be given them. The acid in which the 
change from sponge-lead to peroxide takes place should not be 
used as electrolyte until the impurities discharged by the plates 
are removed. 

Loss of electrolyte by evaporation should be made up by proper 
addition of pure, distilled water. If the liquid does not com- 
pletely cover the plates a smaller active surface is exposed, and 
the capacity proportionally decreased. 

(2) Corrosion of plates may occur from two causes: (a) the 
chemical action resulting from electrolytic decomposition of highly 
dilute acid in the pores of the active material, and (b) the presence 
of lead-dissolving acids or their salts in the electrolyte. 

The first condition cannot be remedied, as it occurs in every cell 
if the discharge be pushed too far, or if the plates have a thick 
layer of active material when the rate of discharge is high. If the 
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electrolyte contains lead-dissolving acids, their presence will be 
manifested by a continuous increase of capacity, which means 
that the forming process still goes on attacking the plates. The 
obvious remedy is to change the electrolyte, and substitute fresh 
acid, free from injurious substances. In addition to these effects, 
there is the normal slow disintegration due to the action of the 
acid and products of decomposition, which cannot be completely 
stopped, as it is the natural depreciation to which plates are 
subject. It can be partly remedied, however, by decreasing the 
density of the electrolyte. The best density for positive plates is 
1.230, and for negatives is 1.190 (approx.); 1.210 to 1.220 is the 
usual density, being a compromise between the two. 

All corrosive actions of liquids on solid substances immersed in 
them take place with greatest rapidity at the surface of the liquid, 
and the portions of the battery plates which emerge from the 
electrolyte may disintegrate at the surface of the acid before the 
submerged portions have greatly depreciated. This can be ren- 
dered of small importance by keeping the plates always com- 
pletely covered with liquid, and making the lugs which pass from 
the plates out to the terminals, of thick dense lead. 

(3) Fracture and buckling are due to excessive or unequal 
expansion, usually the latter. They indicate that the discharge 
has been carried too far, the rate of charge or discharge has been 
too rapid, or that the current distribution over the plate was not 
uniform, and certain portions were too far or too rapidly dis- 
charged. With certain types of Planté positive plates, a very 
low charging rate will cause buckling, as explained in the previous 
chapter and Chapter III. Buckling can take place even at nor- 
mal current rates if the formation of active material or its appli- 
cation be not uniform over the exposed surface. Should buckling 
occur under these conditions, it would indicate a defective plate. 

Buckling on discharge seldom if ever takes place. On very 
rapid rates of discharge it might be caused by a slight inequality 
of distribution of active material, together with differences in 
electrolyte densities which occur at different levels in deep tanks. 
Batteries which are discharged at a high temperature may also 
buckle, due to the increased capacity and consequent additional 
formation of sulphate, thereby changing the bulk of the active 
material more than if the discharge had taken place at a lower 
temperature, and less capacity had been delivered. 
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A phenomenon observed by Sir David Salomans, and yet unex- 
plained, is the buckling of plates exposed to light, the convex side 
always being away from the light. 

It is probable that any portion of a plate exposed to light 
receives also some heat. This would make the warm portion 
deliver a greater amount of energy on discharge than would the 
other portions at some lower temperature, resulting in the 
unequal expansion of the active material and consequent plate 
distortion. 

If the troubles arise from defective plates, there is no remedy 
save to keep the electrolyte circulating, refrain from discharging 
too far, and keep excluded from light and heat. 

(4) Shedding of active material cannot be prevented if it be 
improperly formed or applied, and is of such a character that it 
easily disintegrates or loosens from the grid. Shedding occurs 
with good active material, however, to a limited extent, and this 
is due to expansion and contraction, which the grid cannot follow, 
or to the rapid release of gases when charging is done at high rates 
or the plates are overcharged. When shedding takes place in a 
greater degree than ordinary usage and depreciation call for, the 
following rules should be observed: 

Charge at lower rates; do not overcharge, i.e., do not go above 
2.4 volts; do not discharge down too far, say below 1.8 volts. 
Pasted plates should not be charged after gassing begins, except 
on a monthly overcharge. 

(5) Sulphation of the injurious kind differs trom the normal 
sulphation of charge and discharge, in that it is almost irreducible, 
causes shedding of active material, buckling, loss of capacity, 
increase of internal resistance with consequent reduction of effi- 
ciency, and increase of temperature with passage of current. 

The causes of over-sulphation are over-discharge, either of the 
entire mass of active material or only certain portions of it, or 
standing discharged. The injurious effects are those which arise 
from great increase in resistance and excessive expansion and con- 
traction, which are mentioned above. 

The causes of over-discharge are: (a) intentional, through 
external circuit; (b) local action and leakage; (c) loosening of 
active material, which reduces the capacity of a plate and normal 
discharge therefore over-discharges it; (d) short circuits between 


plates. 
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Excessive discharge rates, if prolonged, tend to form a surface 
layer of sulphate, which prevents the inner portions of the active 
mass from participating in discharge and thereby causes the action 
to take place on the small portion forming the outer layer, which 
results in over-discharge of the surface and formation of the non- 
reducible sulphate. 

When the active material is not in close contact with the grid, 
and the electrolyte is able to penetrate between the two, it is 
evident that on discharge the action will take place most rapidly 
on that portion of the active material nearest to the grid, and a 
layer of sulphate will be formed on this surface. When the sponge- 
lead or peroxide is sufficiently reduced, the layer of sulphate 
between the grid and the active mass becomes non-conducting, and 
current cannot be forced through the plates, except at a high 
voltage. If the acid density or the temperature be high the 
process of sulphation is augmented. This is a rare occurrence and 
can only happen with pasted plates. 

In addition to these injurious effects, those previously men- 
tioned, due to change of the volume of the active material, are 
usually present. Cracking and shedding of active material, and 
buckling, generally result. 

Local action will cause over-discharge and consequent sulpha- 
tion, as will also short circuits between the positive and negative 
elements. 

Although sulphate is white, the first manifestation of its presence 
is through the gradual darkening in color of the negatives. If 
the process continues, eventually flakes of white, pure sulphate 
will form over the plates or the portions that are affected. Where 
the sulphate forms in small white patches which lie only on the 
surface of the plate, and does not penetrate into the pores of the 
active material, it is harmless. In this case, rubbing the plate 
slightly with a stick will cause the sulphate to fall off and disclose 
healthy active material underneath. Sulphated plates are those 
in which the sulphate has penetrated into the pores of the active 
material. The best treatment for sulphated plates is to convert 
them to PbO, or Pb under high current densities. The author 
has found that if the sulphation has proceeded very far, the heat- 
ing of the cells, due to high resistance, limits the rate of the 
current flow. The charging rate should be determined by the 
thermometer, and should be as high as possible, with the tem- 
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perature not to exceed 105 degrees F. Usually at the beginning of 
charge the current which will produce this temperature is very 
small, and rapid initial rates are not possible, though the current 
can be increased as the reduction of sulphate proceeds. 

Plates which have a layer of sulphate between the grid and the 
active material are usually not reducible, and must be renewed 
and replaced by others. Sometimes, however, if the layer is not 
too thick, or completely turned to sulphate, the reduction may be 
effected. If the sulphating action has gone so far that the plates 
have lost capacity, the plates should be taken apart, and the posi- 
tives and negatives separately connected up with dummies, and 
current passed through in the proper direction (positives as anodes, 
negatives as cathodes), to reduce the sulphate. If sulphation is 
produced by local action, the causes thereof should be investi- 
gated and removed (Chapter X). 

The density of electrolyte and the temperature should also be 
within the prescribed limits. While neither of these factors causes 
sulphation, they greatly assist the real causes and accelerate and 
augment this injurious action. 

Short circuits should be prevented by keeping the cells cleaned 
out and never allowing the sediment — which is a conductor — 
to accumulate in the bottom or between the plates on the separa- 
tors. Also, the separators and spacing of the plates should be given 
occasional attention. 

When an excess of sulphate once forms, several cycles of charge 
and discharge are necessary to bring up the battery to its normal 
capacity. The first charge should always be a prolonged over- 
charge. When large cells are connected up in series, and it 
becomes necessary to charge a single cell sufficiently to bring it 
up to proper condition, without subjecting all-the other cells to an 
injurious overcharge, it is usually done by cutting out the defec- 
tive cell and arranging short lengths of wire or cable — called 
“ jumpers ’’ — so that the cell may be connected in circuit with 
the others on charge, and cut out on discharge, the current being 
passed around the defective cell by means of a “ jumper.” A 
repetition of this process will finally produce the desired over- 
charge. 

If the cell has to be brought up to condition quickly, it may be 
connected in with the others on charge in the regular way, and in 
a reverse direction on discharge, so that the discharging current 
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of the system passes through the defective cell as charging current. 
The process is in this way continuous, but it is awkward to handle 
the large “jumpers” and contacts that are required for large cells, 
and the application is therefore limited to the small sizes of cells. 
Furthermore, the cutting out of a cell decreases the voltage of the 
system two volts, and if it be cut in on discharge in a reverse 
direction, the drop through it will be about 2.5 volts, making 4.5 
volts lower electro-motive force on the system. The service, 
therefore, must be such as to admit of this drop, or the end cells 
or booster must be able to compensate for it. 

This method is of course impractical for large installations 
where the plates are ‘‘ burned” to bus bars. 

A convenient way to charge a sulphated cell without cutting it 
out of circuit is to use an auxiliary dynamo, its application being 
particularly suited to plants having boosters. 

The potential required to charge a sulphated cell is under 3 volts, 
and to obtain this low potential at the dynamo brushes, it is neces- 
sary to reduce the field strength of the machine. This is effected 
by disconnecting the dynamo fields and joining one of the field 
terminals to the extreme cell of the series, at the end, where the 
end cell switch connections are made. The other terminal is 
connected to the end cell switch contact. In this way one or more 
cells may be connected across the field terminals, the number 
varying with movement of the end cell switch. 

With this low potential excitation, which may be adjusted to 
suit the purpose by shifting the end cell switch or the field 
rheostat, the generator voltage may be fixed at exactly the desired 
value. 

A pair of cables leading from the generator brushes to the ter- 
minals or bus bars of the defective cell and attached thereto, the 
positive pole of the dynamo being connected to the positive 
battery bar and the negative from the dynamo being joined to the 
negative of the cell, completes the arrangement. A constant 
charge, which is independent of the charge and discharge currents 
flowing through the cell, may now be sent continuously through it. 
Before switching current from the dynamo to the cell, test the 
dynamo voltage to make sure that a potential is being produced. 
If by reason of faulty connections there were no dynamo potential, 
the cell would be short-circuited through the armature, further 
injuring the cell and probably burning out the dynamo. | Large 
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installations are generally provided with special boosters — called 
“ milkers ’’ — for charging single sulphated cells. 

(6) Reversal of negative plates occurs only when there are 
several cells in series with each other or some external electro- 
motive force, and is occasioned by complete discharge down to 
zero and continued charge in a reverse direction, with a consequent 
reversal of the plates. This seldom happens, however, except in 
cases where a cell loses its capacity through some accident or de- 
fect and its discharge is ended before the other cells in series with 
it have been completely discharged. The large capacity cells 
overpower the defective cell and reverse it. The remedy is to 
recharge and to continue the charge until the cell is brought fully 
up to its normal condition. The cause of the capacity loss should 
be ascertained and corrected, otherwise the reversal will again 
take place on the next discharge. 

To overcharge a battery in series with other cells, the method 
of connecting in on charge and cutting out on discharge, or a 
low potential generator, as described in the preceding paragraph, 
may be employed. 

(7) Dr. F. Peters* shows that the active material on pasted 
positive plates softens, owing to the expansion and contraction on 
discharge and the action of escaping bubbles of oxygen formed on 
charge. This action loosens the particles on the surface of the 
plate and destroys the cohesion between the particles; also they 
do not reduce back to PbO, (except partially), and therefore do 
not harden again. The acid mixes with these separated particles 
and produces the well-known soft, mushy substance which in 
course of time is the condition of the entire mass, the effect de- 
scribed extending gradually through the whole thickness of the 
electrode. 

No change in the chemical composition of the active material 
due to the softening process is discoverable. 

Plates in this condition may be again brought to their healthy 
condition of hard PbO, by discharging, reversing and forming to 
sponge-lead, thereby causing a contraction of the active material 
and a firm cohesion of the various particles. Afterwards the 
electrodes are again reversed and changed back to PbO,. The 
expansion of the particles fills up most of the pores, and as all the 
active mass is fully reduced to PbO,, the plate regains its hardness. 

* Centralblatt fir Akkumulatoren, May, 1900. 
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Some of the outer layer of active material will come off in the 
process, but usually the amount so lost is small, and if the re- 
versal is carefully done the results more than counterbalance the 
insignificant loss of peroxide. 

The reversal should be done at high current rates, as described 
in paragraph 1. 


CHAPTER XXIII. 
CARE AND MANAGEMENT. 


In addition to the foregoing discussions, there are a few points 
concerning the operation of batteries which should be noted. 

On continuous discharge the one-hour rate should usually not 
be exceeded, and this should last only a short time, say twenty 
minutes, except in occasional emergencies or in the case of regu- 
lating batteries, where the twenty-minute rate may be allowed 
for a minute or two when the load fluctuations are very great. 
The circuit breakers should be set for three times the one-hour 
rate. When discharging at the normal rate, the discharge should 
never be allowed to continue below a voltage of 1.75 volts per 
cell. At rapid rates the discharge may be carried down to 1.60 
volts per cell. If discharge be continued after these voltages 
are reached, the plates will be injured. 

The rate of charge may be rapid when the battery is nearly or 
quite exhausted, but should be low when nearing the end of 
charge, that is, after the evolution of gas begins. 

Good rules for charging cells that have pasted plate elements 
are as follows: 


TABLE XxX. 
To charge in 8 hours, 40 per cent of total charge first 2 hours 
Erk Moe“) Soce aae ‘“« second 2 hours 
ZOE ee as lt ‘“« third 2 hours 
OR ee bao “fourth 2 hours 
To charge.in 6: hours,30.° “".““*.™ “first hour 
PA ie op a ale «second hour 
PANTIES gic fe el es 2 “third bour 
15 as ce (a9 ce igs fourth hour 
10 «e (a9 “e ce h : “e fifth 


To charge in 4 hours, 35% of total the first hour; 52% the next 
two hours, and 13% the fourth hour. The above figures apply 
only to cells that have been completely discharged. 
Take occasional voltage readings of each cell to keep informed 
259 
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as to the performance of the separate cells and plates. Also test 
each cell with a hydrometer at least once each week. If the acid 
density in any cell is lower than that of the other cells, it generally 
indicates local action or a partial short circuit. A good over- 
charge at the 8-hour rate should be given the battery at least 
once each month. This overcharge should be continued until the 
cells have gassed freely about an hour. 

The hydrometer used for measuring acid densities should be as 
large as possible to use conveniently, and with not too great a 
range; otherwise the scale will be too short and the divisions too 
close together to obtain accurate readings. In small hydrometers 
the error introduced by the meniscus that forms around the stem 
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Fig. 131. Record Blank. 


at the surface of the liquid is considerable; in fact, so great that 
small density changes cannot be observed with any accuracy, if 
at all. 

Complete records of battery performance and condition of cells 
should be kept. The blank form shown in Fig. 131 gives a good 
idea of the proper observations to make and method of tabulating. 
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Where the number of cells in a battery is large, frequent inspec- 
tion of each cell is impracticable. In order to keep informed as to 
the general condition of the battery, without the necessity of test- 
ing each cell, pilot cells are tested and their conditions recorded 
as indicative of the condition of the group of cells of which it forms 
a part. 

A pilot cell is simply one of a group, selected as a guide to the 
condition of the rest of the cells of the same group. Of course, 
an end cell cannot serve as a pilot cell, as a pilot cell must receive 
exactly the same usage as the cells for which it serves as an indi- 
cator. 

The number of cells in a group for each pilot cell should not 
exceed 30. The pilot cell should have a hydrometer and a ther- 
mometer in it. A mark should be made on the inside of the tank 
at the normal level of the liquid surface, and the electrolyte should 
be brought exactly to this mark each day by the addition of 
distilled water only. 

Daily readings from the pilot cell should be recorded on a blank 
form similar to that shown in Fig. 132. The hydrometer readings 
are plotted on the codrdinate section of the blank. 

The other battery cells should be individually inspected at least 
once each week. This is best accomplished by dividing the total 
number of cells into five or six groups and making observations 
of the cells in a single group, once each week, assigning a certain 
day for a certain group. The observations should be recorded 
on blank forms similar to that shown in Fig. 131. 

Hydrometer readings of the pilot cell taken at any temperature 
other than the standard of 70 degrees I’. should be corrected to 
70 degrees by means of the curves, Plate I, or other convenient 
method. 

In making connections, be sure that the proper polarities are 
joined together. Any voltmeter in which the controlling magnet 
is permanent will indicate the polarity, and its use will obviate 
errors. Keep all connections tight and clean; otherwise they will 
heat and corrode. 

If batteries are used intermittently, and allowed to stand some 
time without charge or discharge, the electrolyte should be of low 
density, not over 1.210, and there should be not less than 15 lbs. of 
electrolyte per 100 ampere hours. 

If avoidable, never allow a battery to stand uncharged any 
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length of time, but charge immediately after discharge has taken 
place. 

If plates become sulphated, it will be indicated by the positives 
first turning darker, and afterwards much lighter in color, and the 
negatives perhaps taking a slightly reddish hue. Also, the density 
of the acid will be lower in the sulphated cells than in the others. 
Locate the cause and remedy it at once, after which give the 
sulphated cells a good overcharge. When the density of the elec- 
trolyte becomes higher than normal, owing to evaporation, pure 
water must be added to bring the specific gravity to its proper 
value. This should be introduced into the cell at the bottom, by 
means of a short length of rubber hose or lead pipe extending 
down into the electrolyte. Water so put in will diffuse and mix 
itself with the acid, while if it were simply poured in at the top it 
would, by reason of its lower density, float, and would mix very 
slowly. Never change the density of the electrolyte except when 
the battery is fully charged. When water is put into cell, it, should 
be before over-charge. The vigorous gassing which takes place at 
the end of the overcharge will thoroughly mix the electrolyte and 
the water. 

If the batteries are to be put out of commission for some time — 
say six weeks or more — they should not be allowed to stand in 
the electrolyte unless a small charge be given them at least once 
in two weeks. Where they are to be unused for a considerable 
period, they should be fully charged. The electrolyte should 
then be drawn off, and immediately afterwards pure water put 
into the tanks. The cells should then be discharged through a 
resistance until the electro-motive force falls to about 0.5 volt. 
The water is then drawn off with a siphon or, if the cells are small, 
poured out, and the plates allowed to dry. Watch the negatives 
carefully, and if they begin to get very warm — say reach a tem- 
perature such that the hand cannot be held on them — sprinkle 
with a little water and bring down the temperature. Keep under 
observation until dry and no increase in temperature above a 
gentle warmth takes place. 

While drying, do not let negatives touch each other, but keep 
well apart. It is a good rule not to let them be piled up on each 
other or come together even after drying, as the absorption of any 
moisture may cause them to heat to the point of destruction if all 
sides of the plates are not exposed and able to radiate heat. 
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When the batteries are again put into commission, it is only 
necessary to pour in electrolyte and give a complete developing 
charge. 

Negative plates, when charged, should not be permitted to 
overheat when drying in atmosphere, as oxidization of the sponge- 
lead will take place very quickly, with the result that the plates 
may become so hot as to melt the grid and may fuse the active 
material. 

Until negative plates are absolutely dry they must be kept well 
separated from each other. 

Keep the outside of the containing cells as dry as possible and do 
not let them touch each other. 

Never under any circumstances introduce any wire or metal into 
the cells. 

If blisters or scale are to be removed, or an instrument has to 
be inserted in the cell for any purpose, use a flat strip or a rod of 
wood, glass or hard rubber. 

Watch the accumulation of deposit in the bottom of the cell and 
be sure it is always well below the bottom of the plates. When 
it has piled up until it reaches near the electrodes, clean out the 
cell. 

A convenient way to remove sediment from cells is to stir it up 
in the electrolyte and then siphon off the muddy liquid into a 
vessel where the sediment may again settle and the clear electro- 
lyte be decanted and replaced in the cell. 

When particles or plugs of active material become loosened, 
take a.strip or rod, such as described above, and push the loosened 
material to the bottom of the cell. Otherwise it may drop between 
two adjacent plates and short-circuit the cell. 

Whenever the plates are touched, do not rub hard against the 
active material, as that portion on the surface is soft and will come 
off and cloud the electrolyte so that inspection is made difficult. 
Be sure as to the purity of the water used for filling cells or mixing 
electrolyte. Water from natural sources seldom is free from 
injurious impurities, and the frequent addition of water to the cells 
will in time result in a concentration of impurities which will 
damage the elements. Never use water from hydrants or faucets, 
as it invariably contains iron in some form. 

An approved type of still should be provided for the water 
supply. Rain water from perfectly clean wood, slate or tile roofs, 
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and filtered, may be used. The water should be stored in clean 
whisky or alcohol barrels, or in glass carboys well stoppered. 
Never use water from the condensation of exhaust steam con- 
taining cylinder oils. 

Never strike a match or bring any flame near cells when they are 
being charged and are gassing. The released oxygen and hydro- 
gen in air form an explosive mixture, and a disastrous explosion 
may result. Use only incandescent lamps to inspect cells. An 
electric spark will also explode the gases and therefore must also 
be avoided. 

When wood or metal work becomes wet from acid spray, it 
will stay wet until the acid combines chemically with some sub- 
stance or is wiped up with cloths or waste. It is good practice to 
wash off at intervals, the portions of the installation exposed to 
acid spray using a saturated solution of sodium bicarbonate (ordi- 
nary cooking soda). This will neutralize the acid. A subsequent 
washing with warm water should then be given the parts. 
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AUXILIARY APPARATUS, SYSTEMS, 
APPLICATIONS 


CHAPTER XXIV. 


USES OF BATTERIES. 


StTorAGE batteries find their principal uses in connection with 
power station and distribution work in (1) storage of electrical 
energy; (2) regulation of station output; (3) regulation of station 
voltage; (4) compensation for feeder drop; (5) insurance against 
shut downs; (6) as an equalizer on three-wire systems, and (7) a 
combination of any or all of the above. 


(1) Storage. 

As is well known, the load on any electric power station, what- 
ever its character, differs from that on the power plant of a textile 
mill or other manufactory, in that it varies during the twenty-four 
hours from a minimum to amaximum. The fuel consumption and 
the cost of producing a horse-power hour are much less in a mill 
power plant than in an electric power station due to the fluctuating 
demand on the electrical plant. In designing an electric power 
station, provision must be made to supply the maximum load, 
which, however, usually lasts only a short time. Whether it is best 
to put in sufficient generating units and boilers to carry it and 
shut some of them down a large part of the twenty-four hours, 
or to install a battery to carry the peak, and if the latter, what 
proportion of the peak the battery shall take care of, depend on 
the conditions that obtain in the particular plant considered. 

The battery will be charged when the load is light, and discharged 
when the demand is heavy, and thus partly equalize the load on 
the generating equipment with a resulting higher efficiency, in 
addition to giving the necessary output to supply the maximum 
demand on the system. 

On the other hand, there are losses in the operation of the bat- 
tery equipment which may partially or wholly offset these advan- 
tages. Whether a battery will pay dividends or not, and if so, the 
best ratio of battery capacity to capacity of generating equipment, 


depend on 
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Character of generating equipment. 
Cost of fuel. 

Cost of labor. 

Character of service. 

Load variations. 

Cost of battery. 

The cost of labor enters into the question only when the battery 
plant is to be so large that all or a large part of the boilers and 
generators may be shut down, at periods of light load, long enough 
to dispense with some or all of the attendants. This condition 
often exists in isolated plants having a very small night load. 

The character of the generating equipment determines the fuel 
consumption for a given daily output which varies between wide 
limits, and its increase over the fuel consumed for an equivalent 
number of horse-power hours at steady load. 

The cost of fuel per ton shows the value of the amount saved by 
steadying the load. 

Character of service enters into the question apart from con- 
siderations of economy. With certain classes of service, a battery 
becomes a necessity, regardless of the financial considerations. A 
generator supplying current to both lights and elevators is a case 
in point. Without a battery, the winking of the lights when an 
elevator is started becomes intolerable. A battery will take up the 
load fluctuations and prevent this trouble. This, however, is an 
application belonging under the head of voltage regulation instead 
of power storage. 

Load variations give the data from which the coal consumption 
is computed, as are also, the capacities of the battery and auxiliary 
apparatus. 

Cost of battery equipment — which means the excess cost of a 
plant with a battery over an equivalent plant without one — shows 
the additional investment required, and the consequent increase 
in the interest and depreciation account. This quantity is often 
negative, z.e., the cost of equipment with battery may be less than 
that of a plant to carry the same load with generating capacity 
sufficient for the maximum demand. 

(2) Regulation of Load. 

Used on regulation, the function of the battery is to steady 
fluctuating loads. The generator delivers a steady current, while 
the external load rapidly fluctuates above and below this gener- 
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ator output. The differences are absorbed or given out by the 
battery, that is, the battery receives a charge when the load is less 
than the normal generator output, and it discharges when the load 
is greater than the normal generator output, the rate of charge and 
discharge at any instant being equal to the difference between the 
generator current and that of the external circuit. 

The economy of steam engines is worst on a rapidly fluctuating 
load, and the quick changes cause shocks and strains in the machin- 
ery which greatly increase the depreciation and repairs. <A bat- 
tery equipment on such a load produces a marked improvement 
in the fuel economy and the general operation of the plant, and 
reduces the cost of maintenance, besides, in many instances, allow- 
ing one or more machines to be shut down. As has been seen, the 
efficiency of a battery which alternates rapidly in its charge and 
discharge is very high, and these are the conditions under which 
regulating batteries work. Furthermore, the amount of energy 
stored in the batteries is very small compared with the total sta- 
tion output. The battery losses being proportionately small, the 
electrical efficiency is not appreciably lowered while the plant 
efficiency is greatly increased. Obviously, the battery may be 
used both to equalize the momentary fluctuations and to carry the 
peak when the steady demand increases. When gas engines are 
used as prime movers, and the generators driven by them supply 
a fluctuating load, a regulating battery is almost a necessity. Gas 
engines work best on a steady load, and on widely changing loads 
are liable to incomplete combustion in the cylinders with conse- 
quent soot deposits and trouble incident to this condition. 

Also a gas engine has no overload capacity, and a demand even 
slightly in excess of the engine rating will cause it to slow down 
and finally stop. 

A regulating battery will keep the load constant on a gas engine 
and allow it to run at its most efficient load, besides taking care of 
demands in excess of the capacity of the engine. 

(3) Voltage Regulation. 

The voltage regulation is obtained by regulating the station out- 
put. Certain classes of service demand voltage regulation though 
output regulation per se would not be required. 

(4) Compensation for feeder drop. 

When a battery is installed at the end of a long feeder, which 

supplies current to a rapidly and widely fluctuating load on which 
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the voltage drop must not exceed a certain amount, a saving of 
copper is effected, and in many cases this saving exceeds the cost 
of the battery. 

Without the battery the feeders must be large enough to carry 
the maximum current at the prescribed voltage drop, while with the 
battery the feeders need only be large enough to carry the average 
current. The ratio of the average to the maximum demand deter- 
mines the value of the application in this case. Here, too, the 
battery partially equalizes the instantaneous fluctuating load on 
the station and generating equipment, and it may also carry the 
peak on the feeder. 

(5) Safeguard against shut down. 

There are many cases in which a battery serves as a safeguard 
against breakdowns only, for instance, when connected across 
exciter bus bars in a large power station equipped with alternating- 
current generators. If an exciter should fail, the plant would have 
to shut down. A small battery kept charged would do no work 
and pay no dividends, but it would effectually prevent any such 
contingency, and the insurance effected would be well worth the 
cost. 

As a rule, however, batteries are installed to equalize fluctua- 
tions, carry peaks and act as safeguards against breakdowns, all 
of which one battery is capable of accomplishing. 

(6) Acting as an equalizer on three-wire systems. 

When installed as an equalizer, the battery is connected across 
the outside wires, the neutral being connected to the cell in the 
middle of the series. Should unbalancing of the system occur, 
one-half the cells receive a charge, and the other half a discharge. 

(7) There are many combinations of these important functions 
which a battery performs, the most of which will be illustrated 
later by concrete examples. 


CHAPTER XXV. 
PILOT CELL ACCESSORIES. 


In order to take frequent records of the condition of the pilot 
cell and maintain it in a uniform condition certain accessory 
devices have been produced. The principal ones are, compen- 
sating hydrometer, signaling hydrometer, automatic cell-filling 
bottle, ampere-hour meter. 

The compensating hydrometer is intended to give, directly, the 
density of the electrolyte referred to the standard temperature of 
70 degrees without the necessity of temperature corrections. 

Changes in the temperature of the electrolyte always produce 
variation in the specific gravity readings obtained by the 
ordinary hydrometer; for each 3° F. rise in temperature 
the specific gravity is lowered by one point (.001 sp. gr.) 
and is raised one point if the temperature drops 3°. 
Subject to ordinary weather conditions, a battery may 
normally change its temperature by as much as 20° within 
the course of a week, and occasionally by very much 
more than this; this would produce a change of 7 points 
in gravity, without any charge or discharge, which is 
equivalent to from twenty to forty per cent of the total 
working range. 

When the compensating hydrometer is properly ad- 
justed, the small bent tube inside (see Fig. 134) is 
completely filled with electrolyte, about up to the small 
inner bulb, which latter is filled with air. The compensa- 
tion is accomplished by the expansion or contraction of 
the air in the bulb, which forces out or draws into the 
tube a small amount of electrolyte, thus altering the 
weight of the instrument in conformity with such changes yy, 134, 


in gravity of the electrolyte in the cell as are due to Comper 
variations of its temperature. ELyazom 


In adjusting the compensating hydrometer a standard battery 
hydrometer reading to one point, (.001 sp. gr.), and a battery 


thermometer are necessary. 
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After the battery has been charged, and before discharging, care- 
fully read the specific gravity of the pilot cell with the standard 
hydrometer, and at the same time note the temperature of the 
electrolyte. Then correct the gravity reading to what it would be 
if the temperature were 70° F., by subtracting one point (.001 
sp. gr.) for each 3° F. below 70°F. and adding one point (.001 
sp. gr.) for each 3° F. above 70° F.; thus, if the standard hydrom- 
eter reads 1.207 at 79° F., its corrected reading is 1.210. 

When the corrected reading has been obtained, insert the empty 
compensating hydrometer in the electrolyte of the pilot cell, then 
remove it and by inverting it allow the electrolyte in the small 
tube to run into the bulb, repeating this operation until the com- 
pensating hydrometer reads within two points (.002 sp. gr.) of the 
corrected reading of the standard hydrometer. If too much elec- 
trolyte has been introduced into the bulb, the excess can be 
removed by working in a sufficient number of bubbles of air; the 
size of the air bubbles admitted can be regulated by placing the 
finger partly over the opening. The excess of electrolyte must not 
be thrown out by heating the instrument. 

On the day following the first adjustment, the instrument should 
be compared with the standard hydrometer, the reading of which 
should be corrected for temperature, as explained above, and the 
compensating hydrometer adjusted if necessary; then during the 
first month it should be compared weekly, after which it will 
require but infrequent adjustment. It is especially important, 
however, that the instrument be not allowed to read more than 
two points (.002 sp. gr.) higher than the corrected reading of the 
standard hydrometer. 

In using this instrument, it must be borne in mind that. it 
requires some time to adjust itself to the temperature of the elec- 
trolyte in which it floats; so if moved from one cell to another of a 
different temperature, at least fifteen minutes must elapse before 
a reading is taken. As long as it remains in one cell, it will follow 
any temperature changes that may there occur. 


Signaling hydrometer. 


The signaling hydrometer is based on the principle of the com- 
pensating hydrometer, and is used to give an alarm when the 
specific gravity of the electrolyte has reached a certain value. 

The specific gravity of the electrolyte is the best indicator of 
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the state of charge of a storage battery; but it is often troublesome 
or impossible for an attendant to take a sufficient number of read- 
ings to determine accurately, when the gravity has reached a pre- 
determined point, either on charge or discharge. The signaling 
hydrometer automatically corrects for temperature, and gives 
notice at the switchboard when the specific gravity reaches the 
desired point. 

The fundamental principle of the instrument is that of measur- 
ing by means of a delicate balance the varying resultant weight of 
a bulb of constant volume totally submerged in the electrolyte. 
It is filled with electrolyte, and as change in temperature of the 
surrounding electrolyte causes expansion or contraction of that 
within the bulb, some of it is ejected or drawn in in such amount 


Fic. 135, Signaling Hydrometer. 


as to cause the weight of the bulb to change inversely with the 
temperature, being in effect the same as the action of the compen- 
sating hydrometer previously described. 

A balance arm indicates by a pointer and a scale what the spe- 
cific gravity is at any time, and by means of two platinum contacts 
closes a circuit that notifies the operator when a given specific 
gravity has been reached, either on charge or discharge. 

This instrument is shown in Fig. 135, mounted over a pilot cell. 
Fig. 136 shows the working parts. 

Referring to Fig. 136, A indicates the balance spindle, carrying 
the arms B and C and the counter weights D and E. Bis the main 
arm, carrying the pointer F and the hook G,on which hangs the plati- 
num wire H, insulated at I, to which the glass bulb in the cell is at- 
tached. The counter weights D and E are for the adjustment of the 
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balance, while C carries a platinum plate W, for making contact with 
the platinum points S and T. The position of the arm J, carrying 
the pointer M and the contact screws Q and R, is controlled by the 
thumb nut L. The pointer M indicates the reading on scale N at 


Fic. 136. Signaling Hydrometer in Detail. 


which contact with S is made and the “charging”’ signal given. 
It is, of course, intended that M shall be set at any desired point. 
P is a guard for protecting the mechanism when putting on or 
removing the glass cover, and is fastened to the baseboard sepa-. 
rately from the rest of the instrument. 


Recording hydrometer. 


A recording instrument which makes a continuous record of the 
electrolyte density is also made, based on these same principles, 
the mechanism being substantially the same as that shown in 
Fig. 136, with the addition of a drum rotated by clockwork, and a 
siphon pen, attached to the lever that is moved by the hydrometer 
bulb. 

The automatic cell-filling bottle is used to maintain the level of 
the electrolyte constant in the pilot cell. One form of this device 
is shown in Fig. 137. It consists of a large bottle having an open- 
ing near the bottom, the mouth of the bottle being closed with a 
cork through which two tubes pass. From the bottom opening, a 
tube runs to the pilot cell and extends downward nearly to the 
bottom of the cell, A stopcock is put in this tube near the bottle as 
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shown. Of the two tubes which pass through the cork, one has a 
funnel at its upper end, a stopcock being placed below the funnel. 
The other tube connects with a vertical glass pipe which has its 
lower end fixed at a height coinciding with the level at which the 
electrolyte is to be maintained. 

The bottle is filled with distilled water through the funnel, the 
stopcock in the upper tube being open and that in the lower tube 
being closed. When the bottle is filled, the valve in the funnel tube 
is closed and that in the lower tube is opened. If the electrolyte 
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Fic. 137. Automatic Cell Filling Bottle. 


is at a level lower than that of the end of the tube connecting with 
the opening through the cork, water will run out of the bottle, 
through the lower tube into the cell, and fill the latter. When 
the level of the electrolyte rises to the end of the tube leading to 
the cork, flow from the bottle ceases, because no air can enter the 
bottle to fill the space left vacant by the outgoing liquid. The 
electrolyte, therefore, seals the bottle when it covers the lower 
end of tbe tube leading to the opening in the cork. 

The ampere-hour meter is an electro-dynamic instrument which 
has a needle or hand that rotates over a dial, and the hand points, 
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at any instant, to the number on the dial corresponding to the net 
ampere-hours output or input of the battery. The hand moves 
in either direction, turning clockwise for discharge and counter- 
clockwise for charge. When the hand points to zero, the cell has 
had the same number of ampere-hours put into it on charge, as 
have been given out on discharge. Obviously the position of the 
hand shows, at any time, the net charge or discharge the cell has 
received or given out. 


CHAPTER XXVI. 
END CELLS. 


THE voltage of a storage battery being variable, changing with 
the amount of charge it contains, and with the direction of cur- 
rent flow, devices are required to compensate for this variation 
and maintain a constant potential on the line which is supplied by 
the battery. 


The methods which are in use are the following: 


(1) End cells. 

(2) Variable resistances. 

(3) Counter electro-motive force cells. 
(4) Boosters. 

(5) Combinations of the above. 


End cells are the cells at one end of a group which have individ- 
ual connections with the centacts of a special form of switch, by 
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Fic. 138. Battery with End Cells. 


means of which these end cells may be put into or taken out of the 
circuit, in series with the other cells of the group. 
Referring to Fig. 138, MM’ are supply mains, AC the battery, 
1, 2,3, 4, and 5 switch contacts, each of which is connected with an 
end cell; a movable contact arm being connected to the main M, 
279 
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When the battery is fully charged, the voltage per cell on beginning 
of discharge will be about 2.05, and if MM’ bea 110-volt circuit, 
the number of cells required in series would be sa = 53. 

When the battery is near exhaustion, however, the voltage per 
cell on discharge is 1.8, and the number of cells required in series 
= is =61. Therefore it is necessary to gradually vary the num- 
ber of cells in circuit from 53 to 61, between the beginning and end 
of discharge. The installation would consist of 61 cells, eight of 
which would be end cells, with taps running to contacts on the end 
cell switch. These switches are considered in detail in Chapter 
Dexcyvill: 

The taps must be of sufficient cross-sectional area to carry the 
maximum current discharged, as each becomes one side of the 
system when the contact arm of the end cell switch rests on 
the switch contact to which the tap is connected. 

Since the end cells are gradually cut out as discharge proceeds, 
it is evident that they need not be of the same capacity as the cells 
forming the main body of the battery. Theoretically, they should 
taper off in size, the extreme outer cell being the smallest, and the 
cell adjacent to the main battery of the same capacity as the main 
cells. In practice, however, it is customary to install all the cells 
of uniform size, and in case of loss of capacity or accident to any of 
the main cells, one of the end cells may be substituted for it, the 
defective cell taking the place of the removed end cell, and fur- 
nishing sufficient capacity to make the system operative. 

In charging, the extreme end cell —the one first cut out of cir- 
cuit on discharge — will soon be fully charged, as but little current 
is taken out of it. The end cell switch must then be moved on to 
the next point, cutting out this charged cell. When the next cell 
is fully charged, it is also cut out by moving in the end cell switch, 
and so on until all the end cells have been cut out. All the cells 
in the main battery will, of course, be charged for the same length 
of time. Care must be taken to cut the end cells out as they 
become fully charged, or they will be overcharged, and possibly 
to such an extent as will injure them. 

Fig. 139 shows a type of installation in which the end cells must 
be larger than those in the main battery. G is the supply gener- 
ator in which the voltage may be varied above that of the supply 
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circuit MM’. AB is the main battery, and BC the end cells. 
8; and &, are end cell switches. 

The maximum voltage of the generator must be great enough to 
charge all the cells in series, and as the battery fills up, the movable 
arm of 8; is carried along towards B, cutting out the end cells. 

The arm of 8, is placed on the contact which puts in series the 
exact number of cells required to give the proper voltage across 
the supply mains MM’. 

It is evident that the current flowing through AB is the charging 


Fic. 139. Battery with Double End Cell Switch. 


current, while the current through the end cells included between 
the arms of 8; and &, is that through AB, plus the current used in 
the supply mains. The end cells in this system must, therefore, be 
large enough to admit of the passage of the total current used in 
the system. 

The number of end cells will be the same in any case — about 
134 per cent of the total number of cells in the battery. 


CHAPTER XXVII. 
CONTROL BY COUNTER CELLS AND RESISTANCES. 


InsTEAD of end cells, counter electro-motive force cells or resist- 
ances may be used to maintain the line voltage constant. Counter 
electro-motive force cells are made of grids or other lead plates 
immersed in ordinary electrolyte. The plates are not formed or 
covered with active material, and possess no capacity. Their sole 
function is to set up a voltage opposing that of the discharge cur- 
rent, and cut down the net voltage across the line by an amount 
depending on the number of counter cells in series which oppose 
the pressure of the main battery. As the voltage of the main bat- 
tery falls, the counter cells are cut out, and the external voltage of 
the system is in this way kept constant. 

The same number of useful cells are required as would be if 


some were tapped off as end cells, viz.: , in which E = voltage 
of the system. 

The same number of counter cells are required as would be of 
end cells if the latter were used, that is, about 134 per cent of the 
number of cells in the battery. The counter cells require the same 
connections to a multiple-point switch as do end cells. It is seen, 
therefore, that the use of counter cells does not reduce the number 
of cells, but adds 184 per cent of cells of a different type from 
the useful cells, thus complicating the installation and increasing 
its cost by an amount equal to the value of the counter cells. For 
these reasons they are now seldom installed, and except in cases 
of plants which receive little or no attention when being charged, 
should never be used. The one valuable feature of an installa- 
tion of this kind lies in the fact that all the cells of the battery are 
uniformly charged and discharged, while with end cells these latter 
are never worked to their capacity, and are subject to severe over- 
charge, unless some attention is given the plant during the period 
of charging, and the contact switch shifted as the cells are filled up. 

Asa matter of fact, in practice, the end cells are nearly always in 
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better condition than those in the main body of the battery, and 
the attention necessary to prevent injurious overcharge is very 
slight, so that, except in very rare instances, the counter cell may 
be considered as having no place in the storage battery practice of 
the present time. 

Resistances are often used for voltage regulation in small instal- 
lations where efficiency is not so important as simplicity and low 
first cost, such as small country house lighting plants, yacht instal- 
lations, and the like. 

In nearly every instance they are used for the double purpose of 
regulating the current flow on charge as well as the voltage on dis- 
charge. In small plants the battery is divided into sections which 
may be switched in parallel, and the voltage required to charge the 
parallel groups is lower than that of the generator, which has a 
potential equal to that of the supply mains. 

Thus if a 110-volt system has a 110-volt generator and also a 
battery which is to work in parallel with the generator, the number 
of battery cells will be i =61. To charge these cells all in series 
will require 61 X 2.5 = 153 volts, which the generator cannot 
supply. If 62 cells be installed and these divided into two parallel 
groups of 31 cells each, the voltage required to charge will be 
312.5 = 77.5 volts. This, however, is much below the generator 
potential, and therefore, to prevent excessive current flow, a resis- 
tance must be inserted between the generator and each group of 
cells, and this resistance must be variable in order to compensate 
for the change in battery potential at different stages of charge. 
After full charge, the two groups of cells are connected in series, and 
their potential at the beginning of discharge is 2.05 X 61 = 125 
volts. Discharge must therefore take place through the variable 
resistance which causes the drop necessary to reduce the battery 
potential to that of the generator. As the battery voltage falls on 
discharge, the resistance is reduced, all the resistance being out 
of circuit when the potential of the battery has fallen to 110 
volts. Fig. 140 shows the connections of an installation of this 
character. 

The use of resistances has the advantage of producing a compact, 
low cost, and simple plant which requires no auxiliary charging 
dynamo or ‘“‘booster,”’ and can be charged by the generator while 
it also supplies the external load at a constant voltage. Obviously, 
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however, it is very inefficient, a large portion of the energy, both of 
charge and discharge, being lost in the resistance. 

The usual resistances are made of iron or german silver wire, 
though for heavy currents cast-iron grids are used. They have a 
number of taps connected to contact points of proper area, over 
which a movable arm travels andmakes contact with the tap points. 
In designing these resistances, the maximum current flow will fix 
the cross section of the resistance material while the maximum 
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Fic. 140. Battery for Multiple Grouping with Controlling Resistances. 


voltage drop necessary with minimum current will determine the 
amount of the resistance. 

‘These data are obtainable from the load curve or may be taken 
from the size of the battery. The best practice is to design the 
resistances to carry the maximum current that the battery can 
discharge, and to neglect the load curve, which latter may change 
at any time, and require a rate of discharge that would be 
injurious to the resistances. 


CHAPTER XXVIII. 
END CELL SWITCHES. 


WHEN end cells or counter cells are used for regulation, a special 
form of switch, termed ‘‘end cell switch,’’ must be installed. The 
purpose of this device is to cut cells in or out, as may be necessary 
to maintain a constant voltage across the line. These switches 
commonly consist of a number of contacts equal to one more than 
the number of end cells, and a moving contact arm. Each end cell 
is connected to a contact piece, the connections being made in 
regular order, so that adjacent contact pieces are connected to end 
cells that are also adjacent. Fig. 141 shows diagrammatically, how 
the connections are made, and it is obvious that as the moving 
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Fic. 141. End Cell Switch. 


contact arm travels to the left, more cells are gradually put into the 
series circuit. 

The end cell switch is more complicated than an ordinary con- 
tact switch, because it is necessary to avoid either opening the cir- 
cuit in moving from one point to the next, or short-circuiting any 
of the cells. Referring to Fig. 141, it is seen that if the end A 
of the moving arm K leaves the contact 1 before it touches con- 
tact 2, the lighting circuit will be opened. If it touches 2 before 
it leaves 1, cell No. 1 will be short-circuited. 

285 
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There are three methods by which this short-circuiting is avoided 
when the two adjacent contacts are connected by the moving con- 
tact arm. They are as follows: 

(1) Double contact on arm joined by resistance. 

(2) Double contact on each end cell connection joined by 
resistance. 

(3) Counter electro-motive force cell which is interposed in 
the circuit. 

The first of these is the most universally used, and adequately 
meets all requirements. Fig. 142 shows the principle of its opera- 
tion. 1, 2 and 3 are contacts joined to corresponding end cells. 
Ais the main contact on the moving arm. B is an auxiliary contact 
fastened to A by the insulating piece C, and R is a resistance con- 
necting A and B. The arm is shown in the act of passing from con- 
tact 1 to contact 2. A has not left 1; B is on 2 and therefore the 


Fic. 142. End Cell Switch, Detail. 


circuit is not broken. The current from 2 to the outside circuit 
passes through R, which is of such low resistance that it causes no 
perceptible drop in the outside circuit, yet it is great enough to 
prevent the cell from being short-circuited and discharging an 
excessive amount of current, for, although the resistance is low, the 
short-circuiting voltage is also low, being simply the 2 volts of the 
single cell. 

The arrangement of a double contact on each connection with a 
resistance between the two contacts is shown in one of its forms 
in Fig. 143. a, a, a, a are the main leads to their respective con- 
tacts; b, b, b, b are auxiliary connectors to the auxiliary contacts. 
These connectors are made of some resistance metal — generally 
iron —that opposes the flow of current sufficiently to prevent a 
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short circuit. It is immaterial, of course, where the resistance is 
placed, or how connected, if it is interposed in the circuit at the time 
two adjacent contacts are connected together. 

The smaller sizes of end cell switches are made circular, that is, 
the contacts are laid out around a central pivot or axle about which 
latter the moving contact arm turns. Plate III shows an elevation 
and cross section of a standard switch of this kind for 11 end cells, 
and with a carrying capacity of 300 amperes normal. 

The edges of the contact pieces are radial, and the distance of 
separation is one and one-eighth inches. The terminals of the con- 
tacts are shown on the back of the panel. 

The gaps between the contact strips are filled flush with flat thin 
pieces of fiber, making the surface from contact to contact smooth 
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Fic. 148, End Cell Switch, Detail. 


The moving contact arm A carries on its under side a double- 
ended, laminated contact piece C, the outer end of which rests on 
the smooth circular track of fiber and contacts, traveling on it as 
the hand wheel E is turned. This end, therefore, can be placed 
over any contact piece. 

The inner end of the moving contact piece rests on a solid cir- 
cular plate of copper F, which is provided with the terminal D. 

Since the moving contact connects the ring F with any of the 
contacts spaced around the circle, any end cell may be connected 
with the terminal D, as required. 

The auxiliary contact, by means of which the breaking of the 
circuit in passing from one contact to another is avoided, is shown 
at H, and consists of a five-eighths-inch, round carbon passing 
through a hole in arm A. This hole is drilled in an offset on the 
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arm, as shown, and therefore is in advance of, or behind the main 
contact piece C, according as the motion is clockwise or the reverse. 
The hole is bushed with fiber (see section), and the carbon contact 
is therefore insulated from the arm and the moving contact.. A 
resistance coil of German silver connects the carbon to the arm, 
and consequently, to the main moving contact. 

It may be noted here that the proper current densities for con- 
tacts are 60 to 70 amperes per square inch with ordinary contacts, 
and 300 to 400 amperes per square inch in laminated, leaf contacts. 
The latter are used almost exclusively on switches of 300 amperes 
capacity and above. 

End cell switches in the larger sizes are made straight, the mov- 
able contact moving along a screw or rack. Fig. 144 shows one 
of this kind, made by the Electric Storage Battery Company. 


Fia. 144. Horizontal End Cell Switch. 


The type of end cell switch in which a counter cell is used instead 
of a resistance is shown diagrammatically in Fig. 145. 

As is seen, there are two sets of contacts, two contact bars A 
and B, and two moving contact arms Land M. The end cell con- 
nections are joined directly to C,, C,, Cs and Cy’, C,’, C,’. The 
contacts are so spaced that C2, C3, Cy are below or opposite to 
spaces between C,’, C2’, C;’.. The moving arms. L and M travel 
along together, but are insulated from each other, as are the 
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bars A and B. T is the terminal of the end cell side of the 
system. 

In the position shown, C, is connected through M to A and 
thence to T; L, being on a space, is open-circuited. As L and M 
travel toward the right, L moves on to C;’ and joins it to B before 
M moves off of C2, and the circuit to T is made through E, which 
sets up a counter electro-motive force of over two volts and al- 
though the two adjacent cells are joined to T at this instant, 
short circuit is prevented by the counter electro-motive force of E. 

Further movement brings L fully over C; and M over a space, 
the current all passing through E, and though one end cell has been 
added to the circuit, no rise in voltage has occurred because the 


Fic. 145. Counter E.M.F. End Cell Switch. 


counter potential of E neutralizes the voltage of the added cell. 
As L and M continue their motion M reaches C3 and at that mo- 
ment the voltage of the system is raised. When M is in its final 
position over C;, L is on a space. 

It is obvious that a resistance between A and B in place of the 
cell E would serve to prevent a short circuit across the end cells. 

This switch can be modified in many ways, the principle being 
retained; for instance, C;, C2, C; may be directly below or oppo- 
site to Cy’, Cy’, C3’, and one contact arm set in advance of the other 
an amount equal to one-half the pitch of the end cell contacts. 

When laminated contact brushes are used, the thin ends of the 
individual laminae will wear into the surface of the contact seg- 
ments, and produce numerous small grooves, unless some provision 
is made to prevent this scoring. 

Two methods of accomplishing this are in general use, and in 
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both the scoring is prevented by mounting or twisting the lami- 
nations so that the ends, in contact with the contact segments, are 
not parallel to the direction of motion of the brush, but make a 
small angle with it. As the brush is moved along its path the end 
of each lamination moves over a surface much wider than the thick- 
ness of the lamination, and the surface traveled over by each lami- 
nation overlaps similar surfaces traversed by adjacent laminations. 

In the Bijur switch, later described, the brush is set slightly 
diagonal with respect to the axis of the switch, while in the Apple- 
ton switch the brush is set at right angles to the axis of the 
switch, but the ends of the laminations are bent to a position 
which is diagonal to the path of motion of the brush. Fig. 146 
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Fia. 146. Detail of Switch Brush with Twisted Ends. 


shows the form of the brush on the Appleton switch made by the 
Electric Storage Battery Company. 
The switches before described are moved from one contact to the 
next by hand, and require the attention of the station attendant. 
Motor-driven switches have been devised which are actuated by 
closing a switch or contact at the switchboard and which are now 
in successful use. 
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In America, they are controlled by a small hand switch or 
push button which is moved by the attendant. In Europe, how- 
ever, there is a number of installations in which the controlling 
switch is closed by a relay, the latter being actuated by some form 
of contact voltmeter — such as a spring-controlled solenoid. These 
are, of course, completely automatic. They are, however, some- 
what complicated, and in case the contact maker or relay should 
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Fic. 147. Escapement End Cell Switch. 


stick or fail to move, the result might be harmful to the battery. 
For these reasons they have never come into use in America, the 
semi-automatic or hand-switch-controlled type being almost uni- 
versally used. 

The fact that the moving contact arm must travel a definite 
distance each time it is moved, makes the design of an automatic 
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end cell switch much more complicated than would at first appear. 
If the switch be set in motion, and the current actuating the driv- 
ing motor be stopped too soon, or allowed to flow too long, the result 
will be a lapping or bridging of contacts. For this reason every 
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automatic end cell switch must be so designed that, though it is 
initially set in motion by some form of switch or contact, after 
starting it will move a definite distance equal to the pitch of the 
‘cell contacts, regardless of the opening of the actuating switch. 
Escapement switch. 
The simplest of the automatic switches, is shown in Figs. 147, 
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148 and 149. Fig. 147 is a front view, Fig. 148 a vertical section, 
and Fig 149 a separate view of the solenoid escapement which con- 
trols the action of the switch. In the Figs. Z,, Z2, Zs, etc., are con- 
tacts, C and C’, the moving contact arms, joined by a resistance, 
which latter is not shown. K is a pawl held into the teeth of 
wheel R by means of a spring, and which permits R to turn in one 
direction only. This wheel also meshes with a pinion X, which 
latter is unable to rotate unless the escapement N, P, O is moved up 
or down. The flat bar W, W’ is fastened to the pinion shaft and 
catches at one end or the other against one or the other of the 
escapement stops N, O when this shaft rotates through a half 
circumference. 

A ratchet wheel, 8, the central portion of which is formed into 
a flat circular box B, is mounted on the same shaft as R, but in a 
different vertical plane (see Fig. 148). Inside this box is wound 
a heavy spiral spring, F, like a clock or motor spring, one end 
of which is fastened to the circular box and the other to the 
squared shank of the axle A, around which both wheels turn. 
Obviously, if the wheel, 8, be turned several revolutions in a coun- 
ter-clockwise direction by means of the hand wheel E, which is 
fastened to 8, the spring will be wound up and tend to turn §S in 
the direction indicated by the arrow. Pawl H, which is fastened to 
R, catches in the ratchets of $, and any motion of § in a clockwise 
direction is transmitted to R, moving it and the contacts C, C’, 
which are joined to R. 

The controlling magnet M has a closed iron path QV, which 
completes themagnetic circuitexcept the.air gap between D and M. 
A joint allows V and D to vibrate. 

When the magnet is excited by passage of current through its 
winding, D is lifted up and with it the escapement P. This allows 
the end W of the bar or wing to pass escapement catch N and the 
wheels S and R are rotated by the spring F, until the escapement 
catch O stops the motion of the pinion and, therefore, of the wheels 
(Fig. 149). The circuit to the magnet winding is now opened, and 
the escapement yoke falls to the position shown in Fig. 147, the 
half revolution of the pinion having been completed and the wheel 
R having moved just far enough to pass from one contact, Z, to 
the next. 

The movement is controlled by a push button, which closes and 
opens the circuit through the magnet winding. It may be made 
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automatic by controlling the circuit through M with a contact 
voltmeter. 

The Appleton end cell switch* is shown diagrammatically in 
Fig. 150. M isthe armature of the motor, which is geared to the 
screw shaft of the end cell switch; f the motor field, 8; and 82 special 

-forms of switches, T a push button which when pressed pushes 
down the rod 7, and the pieces N and X mounted thereon. p, p’ 
and h, h’ are pairs of contacts connected together by N and X 
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Fic. 150. Appleton End Cell Switch, Diagram of Connections. 


respectively when these pieces touch the contacts; r is a spring 
which tends to push the rod and push button outwards, and nor- 
mally holds X against A and h’. 

S. consists of five contact points, a, b, c, d, and e, spaced about 
a circle. W and W’ are contact arms bent to the are of a circle. 
These are attached to a hand wheel and may be turned to connect 
different contacts together. In the position indicated by the full 
lines, a and e are connected together, as are also ¢c and d. By 
turning the hand wheel, which is not shown (being omitted to 
avoid complicating the diagram), the contact arms W, W’ may be 


* Amer. Pat. 734291, July 21, 1903. 
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made to take the position shown by the dotted lines connecting 
dtoeand6 toc. The push-button rod i usually passes through 
the center of the hand wheel, the push button projecting above the 
latter. 

S: consists of six contacts, 1, 2,3, 4,5, and 6, spaced about a circle. 
These contacts form three pairs, and any pair may be connected 
by the rotating arm K, which turns about a central pivot as 
shown. Normally, it is in the position shown by the full lines 
joining 3 and 6. As soon as the motor begins rotation, it changes 
to one of the positions shown by the dotted lines, this movement 
being automatically effected in a manner to be described. 

A and B are the incoming mains from which current is taken to 
operate the switch. 

M and §; are at the end cell switch, while T and 8, are on the 
switchboard. With the connecting arms of 8, in the position shown 
by the full lines, the motor can be started in a clockwise direction 
by pressing the push button T. Current flows continuously in the 
motor field f, the path being from A to ¢, to d, to h, toh’, to 3, to 6, 
to a, to e, through the lamp (which keeps down the field current) 
to 2, to 4, to f, to B. On pressing T, the circuit across h and h’ is 
opened, and p and p’ connected together. The path of the circuit 
now is A toc, to d, to M, to a, to e, to p’, to p, to 2, to 4, to f, to B. 
That is, the current is passing through the motor armature and 
field in series, the resistance lamp being cut out. A strong field 
is produced and the motor starts. Immediately K rotates and 
joins 1 and 4. Ifthe push button still be held down, the path of the 
circuit is as before, and also a parallel path from A toc, tod, to M, 
to 1, to 4, tof, to B. If the button be released, spring 7 returns it 
to its normal position, and the main path of the current through 
points last given is unchanged, only the auxiliary path through the 
push-button contacts being opened. The motor, therefore, will 
continue to run after starting whether the button be held in posi- 
tion or released. 

When the switch brush has moved such a distance as to regis- 
ter with the next succeeding contact segment, the arm K swings 
to its normal position, joining 3 and 6, and if the push button 
be released before this point is reached, the connections are 
then such that a current flows through the motor field — passing 
through the lamp — and the motor armature is short-circuited by 
the path M, 2, 3, h’, h, d, M. This short-circuiting in a magnetic 
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field causes an instantaneous braking effect and stops the motor 
and switch at the proper point of shoe travel. 

If the switch is to move in a reverse direction the motor must 
also rotate in a reverse direction. The hand wheel of 8. is turned 
so that W’ connects e and d, and W connects b and c. On pressing 
the button the motor will turn in a direction opposite to that in 
which it first rotated. On starting, K turns and joins 2 to 5, and 
the connections are in effect the same as before, except that the 
polarity of the armature connections are reversed, as may be seen 
by tracing them out. 

The mechanism which actuates K is shown in Fig. 151. 10 isa 
shaft geared to the screw shaft of the end cell switch, and 9 is a 


Fig. 151. Appleton End Cell Switch, Detail of Sustaining Switch. 


flat cam mounted thereon. 6 is aswitch lever which is fulerumed 
on shaft 7,as shown. 11 is a spring which tends to hold 6 in its 
normal position, which is as indicated. _R is a small roller at one 
end of 6, which runs into the recess in the cam when a revolution is 
completed. On shaft 7 the arm of switch K is mounted. 

The cam shaft 10 is so geared to the screw shaft that when the 
contact shoe moves a distance equal to that from one contact to 
the next one adjacent, the cam makes one revolution. 

On starting the motor, the upper end of arm 6 is thrown up- 
wards or downwards by the cam, according to the direction of 
motor rotation, rotating shaft 7 through a small angle, which cor- 
respondingly turns K. When the revolution is completed, R is 
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returned to its position by spring 11, K is thrown to its normal 
position, short-circuiting the motor armature, and the rotation is 
instantly stopped. 
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Fig. 152. Appleton End Cell Switch, Plan. 


ZG 


at 
SNNISS 


HI 


Fic. 153. Appleton End Cell Switch, Cross-Section. 


The complete switch is shown in Fig 152, whichis a plan view. 
At the extreme left are seen the cam and switch arm that move the 
sustaining switch. 

The contact points are designated by C, and these are spaced 
apart by small bridging pieces of metal C’. These bridging pieces 
are bolted to the sides of the contacts, each alternate contact 
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carrying the bridging pieces on either side of it, while the other 
contacts have none fastened to them. The bridging pieces are 
insulated from the bolts passing through them and from the con- 
tact points. 

A sectional view is shown in Fig. 153. In order to secure large 
current-carrying capacity, the nut on the screw shaft carries a pair 
of brushes, one above and one below. The broad flat ends of C 


Fig. 154. Achard End Cell Switch, Motor and Controlling Mechanism. 


are to give good contact surface with the ends of the copper 
bars from the end cells, which are bolted to these terminal ends. 

The flat bars d, d on the side opposite to the contacts, are the 
switch bus bars to which the laminated brushes. deliver current. 
The pressure of brushes against contacts or bus bars is adjusted 
by the wing nuts 7, 7, which screw on the ends of bolts passing 
through the main brushes I and I. The small brushes J are the 
advance brushes, J; being the resistances which connect the ad- 
vance with the main brushes. 

The Achard Switch.* 

This switch is somewhat similar to the Appleton switch, but is 

* Amer. Pat. No. 955448, April 19, 1910. 
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improved by the application of larger motors with higher speed of 
gearing, magnetic motor-controlling devices and the reduction of 
the number of connecting wires to five instead of seven. Fig. 154 
is a picture of the driving motor with gearing and control magnets. 
The manual control switch and signal lamp appear mounted on 
the small panel in the upper left-hand corner. The pairs of bosses 
set radially to the shaft and showing at the extreme left end of 
the picture are the contact points of the magnetically operated 
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Fic. 155. Achard End Cell Switch, Diagram of Connections. 


switch, later to be described. Fig. 155 is a diagram of the connec- 
tions for this switch. 

When the switch is at rest, the magnetic switch, represented by 
the horizontal bar N carrying the conducting ends P and Q and 
turning about pivot O, is in the position shown. There are six 
pairs of contact points, of which three pairs are arranged to be con- 
nected by the end P and three pairs to be connected by the end Q: 
When the contacts are in the position shown, the circuits are as 
follows: From positive wire 5 through motor field to contact h, 
thence to contact d and to contact k. From k through end Q of 
the magnetic switch to contact / and thence via wire 4 through the 
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signal lamp to negative wire 1, is one circuit. Current, therefore, 
always flows through the field, the lamp acting both as a resist- 
ance to reduce the current flow and as a visual signal. 

A second closed circuit is that which short-circuits the motor 
armature brushes, through contacts s, t, which, in the inoperative 
position, are joined together by the end P of the magnetic switch. 

If the switch is to be moved so that cells are added to the circuit, 
the hand switch is thrown to the upper contact and the following 
circuits result: From positive wire 5 through wire 2, through 
magnet M, thence through circuit openers (which are closed ex- 
cept when extreme travel of switch is reached) to negative wire 1. 
The magnet M being energized, moves the switch bar around 
pivot O, the end P contacting with contacts a and b while the end 
Q contacts with points c and d. Then from wire 5 through the 
field to point d, thence by end of lever Q to point c through the 
armature, thence to point b, now connected to a; from a through 
circuit openers to wire 1 the current travels, and the motor turns 
to drive the switch screw. When the rotation has proceeded far 
enough to move the switch brush from one contact to the adjacent 
one, a cam motion returns the magnetic control switch to its hori- 
zontal position. The connections, as before described, are then 
such that the field is energized, but the motor armature short- 
circuited. Motion of the motor is therefore immediately arrested 
and the movement of the main switch ceases, the brush register- 
ing with the switch contact. 

By following out the connections in the same manner, it will be 
seen that, when the hand-control switch is thrown on the lower con- 
tact, magnet M; is energized, the bar N moves about pivot O so 
that the end Q joins contacts f and e while the end P connects con- 
tacts h and g. Current will flow through the field in the same 
direction as before, but its direction through the armature will be 
reversed. Consequently the direction of rotation of the motor 
will be reversed and the switch screw will be rotated to move the 
brush in a direction to cut out end cells, until it passes from the 
contact, on which it was at rest, to the next adjacent one. The cam 
on the switch shaft then acts to throw the magnetic-control switch 
back to its neutral position, short-circuiting the motor armature 
and causing immediate cessation of motion. 

The action of this switch is made positive and definite from con- 
tact to contact by a sustaining device somewhat similar to that 
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used in the Appleton switch. The principle of its operation is indi- 
cated by Fig. 156. When the cam 16 rotates, the bar 19 carrying 
at one end the roller 21, is moved radially outward from the center 
of the cam by reason of the peripheral recess 20 having passed from 
under the roller. As long as the recess 20 does not come under the 


Fic. 156. Achard End Cell Switch, Detail of Sustaining Switch. 


roller, the bar 19 must remain in its outward position. A spring 
(not shown) tends to throw the bar 19 towards the center of the 
cam, and, whenever the recess is under the roller 21, the bar 19 
is sprung inwards, which is its normal position when the switch is 
at rest. 

When the magnet M or M;, is excited and moves the sustaining 
switch, the cam 16 is caused to rotate, being geared to the switch 
screw shaft. As soon as the notch 20 turns from under roller 21, 
the bar 19 is pushed outward and the end 15 of the bar catches 
under a shoulder on the stud 13, which has been moved upward or 
downward the magnet. As long as the bar end is under the shoul- 
der of the stud, the sustaining switch must stay in its operative 
position. The notch 20 comes under roller 21 after a complete 
revolution of the cam, which is so geared to the screw shaft that 
one revolution of the cam takes place for each movement of the 
switch brush from one contact to the next adjacent one. Obvi- 
ously, when the notch comes again under the roller, the spring 
throws the bar again inward, leaving the sustaining switch free to 
return to its neutral position. 

Meyer’s End Cell Switch. 

An excellent design is that of Dr. Paul Meyer shown in Figs. 157, 
158, 159, 160, and 161, and which may be applied to any end cell 
switch that is operated by a crank or hand wheel. 

Fig. 157 is a picture of the complete device, showing its applica- 
tion to a crank-operated, vertical end cell switch. As is seen, the 
machine consists of a crank, caused to turn by a small motor 
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Fig. 157. Meyers End Cell Switch. 
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which transmits its power to the crank by means of a worm 
and worm wheel. Below the worm wheel and fastened to the 
same shaft is a disc. Underneath the dise is a straight bar, on 
which are mounted three contact points that touch against the 
lower surface of the disc. Below the bar is a solenoid or magnet, at 
either end of which is an iron cap, the iron caps being fastened to, 
and supporting, the contact-carrying bar. 
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Fic. 158. Meyers End Cell Switch, Diagram of Connections. 


Underneath the motor may be seen other movable contacts, 
actuated by a straight bar which runs underneath the solenoid and 
which is also fastened to the iron caps at either end of the solenoid. 

Fig. 158 shows, diagrammatically, the arrangement; a is the volt- 
meter or potential controlled instrument, which may be in the form 
of a solenoid or any other desired that is sensitive to small voltage 
changes. It is connected across the supply circuit as shown, and 
actuates the contact piece c, which touches neither 6 nor d when 
the line voltage is normal. If the voltage rises, c closes against b, 
completing the circuit through the winding on the right-hand end 
of the magnet fi, while, if the voltage falls, c closes against d, and 
the circuit through the winding on the left end of the magnet fe 
is completed. 
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The iron plates g; and g. correspond to the end plates or caps 
at either end of the magnet referred to in Fig. 159. The disc 0 is 
shown below the magnet here, as is also the bar k, carrying the 
contacts 1, m, n. The rod 7 passing through the center of the 
magnet corresponds to the bar below the magnet in Fig. 157, which 
connects with the movable contacts 7; and 7». 

Figs. 159, 160 and 161 show the working face of the disc 0, 
which is made of fiber or hard wood. A circular groove is cut in 
the face, and a flat copper ring sunk into it. This ring is not con- 
tinuous but has a short segment removed and the space filled with 
hard wood, fiber or other insulating material, as indicated by the 
short black break in the ring. 
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Fie. 159. Fic. 160. Jones alonle 
Meyers End Cell Switch, Details of Contact Disc. 


A small, thin dise of copper is also sunk into the center of the 
surface of the large disc. The flat ring and the small dise are joined 
together by a connecting strip as indicated. The entire surface of 
the disc is smooth and the contacts which rest against it can slip 
lengthwise across its face and the dise can turn under them. 

The action of this machine is as follows: 

If the voltage should rise above normal, the voltmeter contact 
would lift up, connect ¢ and b and pass current through the mag- 
net winding fi, energizing the right end of the magnet and attract- 
ing the iron plate g; at the right. This plate will be drawn over to the 
left, and in moving will shift with it both the contact-carrying bar 
k and the rod 7, which latter is connected with 7, and ry. At the 
time of making contact atc, the disc and the bar contacts are in 
the position shown in Fig. 159. When the contact bar moves to 
the left, the bar contacts take the position shown in Fig. 160. Jand 
nm are now connected through the copper ring and central disc on 
the main disc; and in addition to the circuit through b and c, through 
which current goes to fi, there is also another circuit made from n 
to 1, which will allow current to flow through f; until interrupted, 
regardless of the position which the voltmeter contact may take. 
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The motion of the end cap g; towards the left also swings contact 7; 
over to the left until it touches 7}. 72 does not move and remains 
in contact with x. The connection is now made through the motor 
armature in such a manner as to cause a rotation of the worm 
wheel and disc in the direction shown by the arrow in Fig. 160. 

This rotation must continue until one revolution has been com- 
pleted, which will cause the end cell switch arm to move from one 
contact over the next one adjacent. When the single revolution 
is completed, the insulating piece s passes under contact | and 
opens the circuit through the magnet winding f,, which, no longer 
being energized, allows the spring /; to push the iron cap g; back 
to its normal position. The motion of the motor should now cease 
as soon as rotation has carried the insulating piece s around just 
far enough for contact / to escape it if the contact bar again moves 
to the left. This stopping point is accurately adjusted by means 
of an electric brake, made by simply short-circuiting the motor 
armature, which is done when contact 7; comes against v2, which 
latter is already in contact with 1s. 

It is seen that the three contacts J, m, and n are not in line, but / 
and m are spread or staggered, the distance of this spread being 
the length of the insulating piece. 

If the pressure across the line should decrease, contacts c and d 
would close; fo being energized, the contacts all move toward the 
left, and the circuit through f. made through m and n, the former 
now resting on the copper ring. Also rz moves over to v3 and the 
motor armature is connected through them to the mains in a man- 
ner opposite to that in which it was connected when the magnet f; 
was energized; consequently the action takes place in a reverse 
direction, the performance being in every other respect identical 
in the two cases. 

The Schneider switch depends for the positiveness of its length 
of travel on jumping a given distance when set in motion, and not 
on the continuous action of a screw thread or gear, which must 
make a definite number of rotations each movement. This 
switch is shown in Figs. 162 and 163. 

Fig. 162 is a plan, and 163 an elevation. 

In the figures, A is the moving screw; B a hand wheel for use 
when desired; G a motor on the opposite side with its armature 
keyed on to the screw shaft; C is a bar having notches, n, n,n, n, 
cut in it equally spaced along its length. When the catch T, at 
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the end of piece. X (Fig. 162), is in a notch, the moving contact 
registers with one of the contact points connected to the end 
cells. Surrounding the screw is the sleeve nut E, which is fas- 
tened to the two guides, D and D,. These latter also surround 
the notched shaft C. 

Attached to each side of the upper portion of the guides, and 
joining together D and Ds, are the flat bars H, H, having a nar- 
rowed or recessed portion, the thinnest point being just beneath 
the small rollers 7, r, and directly above a notch n, as shown. 

When the screw rotates the nut travels, moving with it the 
guides and the bars H. The only connection, however, between 
the positively moved parts and the part P, is through the spring 
S2, which is compressed when D moves and tends to urge P in the 
same direction, though D may travel a considerable distance in 
either direction while P remains stationary. 

P is held in position and restrained from moving by the tongue 
or pawl T, which forms the end of the piece X, and engages in a 
notch on C. X is pressed always against the notched bar C by the 
small spring §). 

Passing through X is a short axis y, which carries at its ends the 
small rollers r, r. 

When the motor is started the screw A rotates, moving with it 
the nut D, P meantime remaining stationary and the spring 8, be- 
coming compressed. As H, H move with D, the beveled portions 
of these bars pass under the rollers 7, 7, raising them and Y. 


Fic. 164. Bijur End Cell Switch. 


When either of the points M has come under the rollers 7, r, the 
piece X has been lifted sufficiently to disengage the pawl T and the 
compressed spring S: throws P along the same direction as traveled 
by E and D, and it overtakes them, the rollers running again over 
the hollowed part of the bars H, H, and allowing the pawl T to 
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catch into the next adjacent notch n on bar C. The end cell 
switch contact arm being directly connected to P, the movement 
from one contact to the next is positive and exact. 

The motor may be started by a hand switch, or the device may 
be made completely automatic by applying a contact voltmeter or 
solenoid to close or open the motor circuit. 

The Bijur switch is shown in Fig. 164. Fig 165 is a diagram 
of the connections. Referring to the diagram, it may be seen that 
the switch comprises a motor driving a screw shaft 5S through a 
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Fic. 165. Bijur End Cell Switch, Diagram of Connections. 


set of gears, with an insulated nut upon the shaft carrying the 
contact brush N, which makes connection from the various con- 
tacts to the bus bar. 

The driving gear is driven by the motor shaf! and engages 
with two bevel pinions, P, P, running loose upon the arms of 
a T-shaped extension of the screw shaft S. These pinions also 
engage with a bevel gear H which runs loose on the screw shaft and 
has a drum extension B adapted to engage with a strap brake. 
This brake is applied by an electromagnet BM, the winding of 
which is in series with the motor armature. 

When the motor is energized by the controller, current passes 
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through it and revolves the armature in one or the other direction. 
This current simultaneously applies the brake to the loose gear, 
holding it still. The motion of the motor gear is then transmitted 
through the pinions to the screw shaft, revolving it at one-half 
motor-gear speed and thereby moving the brush. When the 
brush reaches the contact for which the controller is set, the motor 
circuit is automatically opened and the brake is released. Due to 
its momentum, the motor continues to revolve, but as the brake has 
released the loose gear, it simply revolves about the shaft and 
the rotation of the screw shaft stops. By proper relation of gears 
and pitch of screw, the brush may be caused to travel at any 
desired speed. 

The controller comprises a series of auxiliary contacts mounted 
on the switch, one opposite to each main contact, and a corre- 
sponding series of contacts on the switchboard, connected by the 
control wires to the auxiliary switch contacts. The controller 
also operates a solenoid switch K which closes the motor circuit 
and determines the direction of the motor rotation. This switch 
is operated by magnets L and P. 

The handle of the controller is attached to a shaft or drum 
carrying two segments S and T which sweep over the series of 
controller-wire contacts, and which connect with two stationary 
segments Q and R by means of the inner radial projections 
shown. 

The shaft also carries a contact finger A, which is located between 
the adjacant ends of segments § and T, and adapted to make con- 
tact with the innermost stationary segment C and the control- 
wire contacts. The figure shows the switch moving to the right 
and controller set to stop the switch at contact 9. In this posi- 
tion, current is flowing from the positive bus bar to the control 
brush on the auxiliary switch contact 8A, thence over control 
wire to controller contact 8B, to segments 8 and Q, to solenoid 
L and to the negative bus bar. This controls the motor rotation 
and its direction. When the brush reaches contact 9, this circuit 
will be broken at 8A, switch K will open, and current to the motor 
will no longer flow. Also brake magnet BM will not be energized, 
and the brake B released. Motion of the screw will immediately 
stop, although the motor armature will continue to rotate a short 
time, due to its momentum. 

The control brush, which makes contact with the control con- 
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tacts, is T-shaped, so that circuit will not be opened until the 
main brush N fully registers with main battery contact 9. 

If the controller were set so that finger A were on a contact, 
corresponding to a main contact to the left of its initial position, 
segments T and R and solenoid P would be in circuit, switch K 
would be drawn to the right, and the motor would run in the other 
direction until the brush reached a position corresponding to that 
of finger A. 

It is obvious that the controller position is not in any way 
dependent on the switch position. Hence, if the controller be set 
for any position and some other setting should later be decided 
upon, it is not necessary to wait for the brush to reach the contact 
first called for. The controller may be reset as much as desired 
while the switch is in motion, and the brush will follow the setting 
and finally rest upon the contact at which the controller is left. 

For indicating the position of the brush to the switchboard 
attendant, three indicator lamps are used, set in a row on the 
board. The center one is white, the left-hand one red, and the 
right-hand one green. When the brush position corresponds to 
that of the controller, the white lamp is lighted; if the controller 
is moved to the left, the red lamp is lighted and remains lighted 
until the brush reaches the contact for which the controller is set; 
and if the controller is turned to the right, the green lamp is 
lighted. 

As shown in figure, the brush is to the left of the controller posi- 
tion, and circuit is closed from the positive bus through the control 
brush to auxiliary contact 8A, thence through the wire to contact 
8B, and via segments 5 and Q to red lamp X, and thence to the 
negative bus bar, lighting the red lamp. When the brush reaches 
contact 9 the above circuit is opened, and another circuit is closed 
from the control brush to contact 9A, thence to contact 9B, to 
finger A, to segment C, and through white lamp W to the nega- 
tive, lighting the white lamp, which burns while the switch is 
at rest. 

If the brush were to the right of the controller position the green 
lamp Y would be lighted through segments T and R to the nega- 
tive bus bar. 

A hand wheel is provided for manual operation of the switch 
when necessary, as shown at the right of Fig. 164. To prevent 
opening the circuit, the brush N is usually divided, one main 


END CELL SWITCHES 311 


portion being the width of a single-contact block, and the other 
connected to the main brush through a resistance, the width across 
the two brushes being a little less than the width of one block plus 
one space. 

This prevents short-circuiting of the end cells as the brush 
travels over the contacts. 

The main brush is laminated copper, and is arranged at an angle 
of a little less than 90° to the line of travel. This prevents grooy- 
ing of the contact blocks and bus bars by the laminations, 

Another form of mechanically operated end cell switch controlled 
from a distance is. that of the Sociéte Alsacienne des Constructions 
Mécaniques, the principles of which are illustrated in Fig. 166. 


Mécaniques, Detail. 


P, P, P, are contacts. R is the main bus bar. An auxiliary 
bus bar is placed behind the main bus bar, and the two connected 
by resistance 8. K is the main brush and L is the auxiliary brush, 
contacting respectively with the main and auxiliary bus bars. HE; 
and E, are electro-magnets which are energized by push buttons 
on the switchboard, the circuits from which connect with the 
magnets. 

The notched piece C has a reciprocating motion in the direction 
of its length, the distance of its movement being equal to the dis- 
tance between centers of the contacts P, P, P. This motion is given 
piece C by an eccentric on a rotating shaft. The pawls B; and B: 
are adapted to work in. the notches in reciprocating piece C. 
Obviously, if magnet E, be energized and pawl Bi, which is 
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attached to magnet armature A, is by the resulting movement of 
A, made to engage in the notches of piece C, the brushes will be 
moved downward a distance equal to the travel of C, which is the 
distance from one contact to the next. 

Conversely, if magnet E, be energized by closing a switch or push 
button, the brushes will be moved upwards. 


Fig. 167. Thury End Cell Switch. 


Fig. 167 shows an end cell switch operated, by the Thury auto- 
matic controller. The pawls shown are oscillated continuously by 
a motor, moving through an angle equal to the angular spacing 
of the contacts. Tappets, operated by a magnet B, cause one or 
the other pawl to engage with the notched wheel W and produce 
rotation, the direction being fixed by whichever pawl engages. 

All automatic end cell switches having slide brushes must be 
provided with a safety device of some kind to prevent jamming 
of the traveling nut on the screw when the end of its movement 
has been reached, at either end of the screw. One form is shown 
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in Fig. 168. N is the traveling nut moving along the screw shaft. 
Fastened thereto are the pieces D and E, through which pass the 
adjustable screws S and 8. 

The current to the motor which rotates the screw passes through 
the arm B of the bell crank-lever to the clip C, and on through the 
rest of the circuit. 

As N approaches the end of its travel, 8 presses against A and 
causes B to rise and leave the clip C, thus opening the circuit and 


Fia. 168. Safety Limit Stop. 


stopping the driving motor. It is impossible for N to travel past 
a point which is fixed by adjusting 8. 

Lyndon Switch.* 

This switch has no sliding contacts, but a solenoid-actuated con- 
tacting switch is attached to each end cell connection. Its chief 
object is to reduce the cost of the end cell switch, eliminate the end 
cell copper, and to increase the speed of working. 

Figure 169 shows a diagram of the main connections. There is 
one main contactor for each end cell, but one less auxiliary con- 
tactor than there are end cells. 

The operating windings of the contactors are energized from the 
line, or from any conyenient source of supply, through a controller. 


* Amer. Pat. 782436 to Edward Lyndon. 
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Era Cells 


Lyndon End Cell Switch. 


Fic. 169. 


END CELL SWITCHES 315 


In the diagram the controller is shown in horizontal form. In 
practice however the bars and contacts are circles or arcs laid out 
around a central pivot, about which the controller contacts may be 
revolved. 

The controller consists of one contact for each main and each 
auxiliary contactor and a bus bar to which any contact may be 
connected by means of a moving brush. Each contact point on 
the controller is connected to one terminal of the magnet winding 
corresponding, the wires being bunched in a cable as indicated. 
Thus, contact 1 of the controller is connected to one terminal of 
magnet 1; contact 2 to one terminal of magnet 2. 

The terminals of the magnet windings not connected to the 
controller contacts are all joined together and connected to one 
side of the system, while the controller bus bar is connected to 
the other side. 

In the diagram L, M represents the circuit supplied from the 
battery. 

In the positions shown, the magnet winding of contactor 3 is 
energized through contact 3 of the controller, so that end cells B, 
C, D are included in the circuit. If it is desired to add one more 
end cell, the controller brush is moved towards the left; before the 
brush leaves contact 3 it engages contact» 2, thus energizing 
auxiliary contactor 2. In this position both the auxiliary con- 
tactor 2 and the main contactor 3 are energized at the same 
time, and end cell A is connected to the auxiliary bus directly, 
and thence to the main bus through a counter cell or through a 
resistance. 

The resistance prevents short-circuiting the end cell A while the 
contactors 2 and 3 are both energized. As the controller brush 
moves towards the left it leaves contact 3, but still engages con- 
tact 2, and contactor 3 is de-energized and opens; the entire bat- 
tery current passes through auxiliary contactor 2, thence to the 
auxiliary bus, then through the resistance to the main bus bar. 

Up to this point the voltage of the end cell A has not been added 
to the main circuit, as the drop through the resistance equals 
the voltage of the added cell A. 

As the controller brush continues to move to the left, it engages 
contact 1 before it leaves contact 2, thus energizing contactor 1; 
this connects end cell A directly to the main bus bar and this cell 
is then added to the circuit; the controller brush continues to 
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move to the left until it engages contact 1 only, de-energizing con- 
tactor 2, and allowing it to open. 

The contactors are mounted in pairs, and in the case of large 
installations, the pairs of contactors for each end cell may be 
mounted in acid-proof casings and erected directly above the end 
cells. In this way, the only end cell copper required is the one main 
bus bar and the auxiliary bus bar. 

The controller wires from the contactors are carried out to the 
switchboard where the controller is mounted. This instrument 
is both a cell indicator and controller, and is designed so that the 
brush cannot be moved at a speed greater than that required for 
the contactors to make the necessary movements. 

This speed however is much greater than it is possible to ob- 
tain with motor-driven, sliding contact switches. 

With this switch a semi-automatic, distant control has been 
devised, it being so arranged that the controller may be located 
near the battery and operated by means of a small motor, the 
actual control being from any distant point. This feature involves 
running only three wires from the motor-operated controller to 
the point of distant control. 

From the diagram it will be seen that the maximum potential 
across the various contactor terminals is that due to the charging 
voltage of one cell only,—less than three volts. The circuit is never 
broken in varying the number of cells, and for this reason the 
movement of the contactor may be small in comparison with con- 
tactors of standard design, thus reducing the magnet winding and 
eliminating the necessity of auxiliary breaks across the contactor 
terminals. 

The auxiliary contactors need be only of sufficient capacity to 
carry the charge or discharge current for a fraction of a second, 
so that these may have just sufficient area to prevent burning 
the contacts during the very short time they are in circuit. Any 
voltage drop across the terminals of the auxiliary contactors is 
beneficial, as the greater this drop the less the resistance necessary 
between the main and the auxiliary bus bars. 

End Cell Switch Indicators. 

When end cell switches are operated by motors, it is desirable to 
know whether the brush has passed fully on to the proper cell 
contact and stopped without under- or over-traveling. For this 
purpose end cell indicators have been devised which show at the 
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switchboard the position of the brush. The most commonly used 
indicator is a straight scale over which a pointer travels, the 
motion being communicated from the end cell switch by means 
of small shafting and gears. This is a cumbersome appliance, but it 
is reliable and positive in its action. 

A simpler and cheaper device which is also satisfactory, is made 
up of a small sprocket wheel at the end cell switch, and a sprocket 
chain passing over it connected to a sprocket wheel on the indi- 
cator, which is also engaged by a sprocket chain. The chain is not 
continuous from the switch wheel to the indicator wheel, but the 
two short lengths are joined together by steel-wire rope, 7,” in 
diameter, which can be turned over small guide pulleys in any 
direction. Turn buckles are inserted in both sides of the rope, so 
that accurate adjustment of the indicator pointer with relation to 
the position of the end cell switch contact arm is possible. 

In the Bijur and the Lyndon switches, the hand controller points 
to the contact on which the switch brush rests, and thus serves the 
purpose of indicating the switch position. 


CHAPTER XXIX. 
END CELL CONDUCTORS. 


Tue conductors connecting the battery and end cells to the 
switchboard and end cell switches should have sufficient area for 
the current density not to exceed 1200 amperes per square inch, 
when the battery is discharging at its maximum rate. 
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Fie. 170. Conduit Outlet for End Cell Connections. 


When installations are of small capacity, the end cell conductors 
are made up of insulated copper wire or stranded cable; these con- 
ductors are carried to the end cell switch terminals and connected 
thereto. 

In many instances, the insulated wire or cable is simply run on 
insulators from the battery to the end cell switches located outside 
the battery room. When this is done, however, the insulation will 
soon deteriorate from the destructive action of the acid fumes; 


when the insulation becomes impaired, the bare copper is then 
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exposed to the action of the acid. To prevent this, the wires, when 
of small size, are sometimes laid in molding, which is painted with 
some acid-proof paint, such as black asphaltum. 


Fic. 171. Method of Erecting End Cell Conductors. 


A better method, however, and one that is applicable for con- 
ductors of considerable size, is the use of iron conduit, which forms 
an effective and permanent protection for the cable. 


Fic. 172. Diagram of End Cell Connections. 


When the conduit is used, it is better to have a separate duct for 
each end cell conductor. Each conduit outlet is situated directly 
over an end cell where the cable leaves the outlet box, and the open- 
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ing is provided with a soft rubber compression bushing to prevent 
any acid fumes from getting into the conduit, as shown in Fig. 170. 

If the maximum discharge of the battery exceeds 1000 amperes, 
cable should not be used, rolled copper bars being more satisfac- 
tory. No attempt is made to insulate these, but they are either 
lead-coated or heavily painted with asphaltum paint to prevent 
any corrosion by acid vapor. They are usually supported by 
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Fig. 1738. Diagram of End Cell Connections. 


hangers suspended from the ceiling. The hangers are provided 
with slate or porcelain blocks, which form an insulating support. 
Fig. 171 shows the method of supporting bar conductors. 

The question of end cell copper has considerable bearing on the 
layout of the cells in the battery room. If the battery be of small 
capacity, the number of end cell conductors comparatively few, 
and if the end cell switch be located near the battery room, the lay- 
out demands no special attention in this regard. If, however, the 
capacity of the battery is such that copper bars must be used, it is 
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then essential that the end cells be so arranged as to allow a mini- 
mum length of copper bar from the end cells to the end cell switch, 
and to have as few bends in the conductors as possible. Fig. 172 
shows the usual arrangement for 125-volt installations having 
eleven end cells. For higher voltage equipments with a large num- 
ber of end cells, the most economical eroap ae is that shown in 
igs 173. 
Where bar conductors are used, considerable accuracy is required 
in setting up the cells. 

The bars are bent and drilled before shipment, consequently, if 
the tank and lead bus bar spacing are not exactly correct, the bolt 


Fic. 174. Lugs and Connections for Cell Connections. 


holes will not register with each other and the separate runs of 
copper will not be parallel. 

The cost of construction will vary, of course, with the amount of 
bending, drilling, etc., necessary, but an average figure of from 32 
to 40 cents per pound will generally cover cost of bar work complete 
and erected. 

Connections from end cell conductors to end cells are made with 
lugs where wire and cable are used. In the case of bar work, the 
conductor is bolted directly to the reinforcement of the lead bus bar. 

Fig. 174 shows method of connecting wire or cable conductor to 
end cells, the cable being soldered into the lug, and this lug bolted 
to the cross bar between the two terminal straps. 

All lugs, nuts and studs should be lead-covered. 


CHAPTER XXX. 


BOOSTERS. 


Boostrprs are dynamo-electric machines which are placed in 
series with the battery or with the supply line to the bus bars 
across which the battery is connected. The function of these 
machines is to generate an electro-motive force assisting the flow 
of current from the main generator to the battery, or a voltage 
opposing that of the main generator and assisting the battery to 
discharge. This added or subtracted voltage may compensate 
simply for the drop due to the internal resistance of the battery 
and connections, or the change in battery voltage as the state of 
charge is changed, or both. 

Boosters may be hand-controlled or automatic in their variation 
of voltage, to meet changing conditions of battery charge or drop. 

The hand-regulated boosters are used generally for charging bat- 
teries, and occasionally for assisting battery discharge. 

Self-regulating boosters are for the purpose of causing instan- 
taneous charge and discharge of the battery on systems supplying 
energy to loads which fluctuate widely and rapidly in the power 
demand. With a battery and automatic booster, the generator 
load is kept practically constant, as any sudden demand in excess 
of the constant generator output is met by the instantaneous pro- 
duction of a booster voltage to cause discharge, the voltage being 
of just the proper value to produce a battery output equal to the 
excess of the load above the generator constant load. Conversely, 
the reduction of the external load, below the constant generator 
output, is attended by the production of a booster voltage that 
sends current into the battery, the booster voltage being just high 
enough to cause a charging current to flow which represents the 
difference between the external load and the normal generator cur- 
rent. By this means the generator load is kept constant, within 
a small percentage, and the generating equipment is relieved of 
the sudden shocks and injurious effects of rapidly fluctuating loads, 
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and can be operated more economically than if the battery and 
booster were not present to act as a “buffer.” 

In the analyses of the different systems which follow, it is 
assumed that the open-circuit battery voltage is equal to the gen- 
erator voltage when delivering its normal output. 

Also, unless otherwise stated, the open-circuit battery pressure 
is taken as 2.1 volts per cell. This value is approximately correct 
for cells having antimony alloy plates or grids. For pure lead grids 
or plates the open-circuit voltage may be as high as 2.12 volts per 
cell, and all numerical computations must take in consideration 
the character of plate and its open-circuit voltage. 

The maximum voltage on charge is taken as 2.6 volts. Pure 
lead grids or plates give a maximum voltage = 2.7 volts. 

The minimum voltage, on discharge, when the battery is nearly 
exhausted and delivering maximum current, is taken as 1.65 volts 
per cell. 

The virtual internal resistance of the battery is used in all the 
succeeding computations. This quantity varies for the state of 
charge of the battery, and the length of time charge or discharge 
is prolonged. This quantity as used in these formule is under- 
stood to mean the value of the internal virtual resistance after 70 
seconds of charge or discharge, when the battery is not less than 
50 per cent nor more than 80 per cent charged. After about 70 
seconds the battery drop, which increases continuously for about 
this length of time, reaches a practically constant value. 

When the battery voltage falls to 1.65 volts per cell on discharge, 
this meaus.a drop of 0.45 volts per cell below normal, open-circuit, 
voltage (assuming 2.1 volts as the floating pressure). Hence, 
for this particular condition, R must be taken as equal to 

0.45 N 
Battery dischg. current 
battery and R the virtual internal resistance. 

“Regulation”? means the percentage increase in generator cur- 
rent to produce a full discharge of the battery when the state 
of charge is such that the terminal voltage falls to 1.65 volts 
per’ cell. 

In computing the size of self-regulating boosters, and their driv- 
ing motors, it must be remembered that, generally, the maximum 
current output lasts a few seconds only, or a minute or two at 
most. Therefore the only basis for fixing the size of the machines 


» N being the number of cells in the 


324 STORAGE BATTERY ENGINEERING 


is the maximum currents they will commutate without flashing. 
The heating factor may in most cases be neglected, as the time 
integral of the booster output is very small compared to the maxi- 
mum momentary output. In the examples given, the booster 
capacity is taken arbitrarily at 40 per cent of the maximum out- 
put. In Chapter XXXVI, however, it is shown how in many 
instances this may be reduced to 20 or 25 per cent. 

As will hereafter appear, there are numerous types of automa- 
tic boosters. They may be classified as self-excited, separately 
excited, and externally controlled. 

They may all be generally classified as reversible and non-rever- 
sible, according to whether the current passes through the booster 
armature in either direction, being in one direction for charge and 
in the opposite direction for discharge, or whether it passes, in one 
direction only, continuously through the armature. 

The non-reversible booster is called also the ‘constant current,” 
due to the fact that the current through its armature is kept 
nearly constant, while, with all reversible boosters, the current 
through the armature fluctuates greatly. 

In computing booster and battery capacities it must be remem- 
bered that, for regulating work, the current for the driving motor 
must be supplied from the battery. This increases the size of 
booster and motor above the theoretical capacities based on the 
discharge to the line, as is shown more in detail in Chapter XX XV. 


CHAPTER XXXII. 
MANUALLY CONTROLLED BOOSTERS. 


THE only type of manually controlled booster in general use is 
the charging or so-called shunt booster, which is used to augment 
the generator voltage when charging a battery, which may later 
carry the entire load alone, or be discharged in parallel with the gen- 
erator assisting it to carry a load peak. Consider the case of a 110- 
volt circuit on which is a battery to carry the load when light, or 
to work in parallel with the generator on heavy load. The voltage 
at the end of discharge will be 1.8 volts per cell, and therefore “ 
= 61 cells will be required. The voltage per cell at the end of 
charge, however, will be 2.6, and the total voltage 2.6 * 61 = 159 
volts, which is 49 volts more than the generator pressure, and this 
is the voltage that the booster will have to furnish. 

This machine may also be used reversibly—that is, give an elec- 
tro-motive force to assist the battery to discharge—when excited 
from the bus bars, and provided with a reversing rheostat or field 
reversing switch. In this case it»will assist the battery to discharge 
when the direction of the field magnetization is changed. When 
so used, uo end cells are necessary, but the booster must be run 
continuously during the entire period of discharge. On a 110-volt 
circuit, 56 cells will be sufficient with a reversible booster. Voltage 
to charge fully is 56 & 2.6 = 146, or 36 volts above generator volt- 
age. Minimum voltage of discharge =1.8 X 56 = 100 volts, or 
10 volts less than that of the line. Therefore, the booster need give 
only 36 volts maximum, and is called on to add 10 volts to the bat- 
tery voltage toward the end of battery discharge. In this case, the 


booster voltage is only 2 ,or three-fourths that required in the pre- 


ceding case; five cells less of battery are necessary and the end cell 
switches and leads are eliminated. 
The machine will be much larger, however, than it would be if 


used only for charging, because the discharge current is invariably 
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greater than that of charge, and the current-carrying capacity of 
the armature must be great enough to take care of the heaviest 
currents. 

Fig. 175 shows the usual connections of a non-reversible shunt 
booster and battery system. 

G is the main generator, B the booster, 8; and 8; are double-pole 
single-throw switches, 83 a double-pole double-throw switch, and 
S,a battery end cell switch. 

To charge, 8; and S, are closed; 8; is closed downward and 84 
put on the outermost point. Part of the generator current will 
go into the line and part through the booster into the battery. 
Charging current is adjusted by means of rheostat 7, which varies 
the voltage of booster. 


.Bus Bars 


a 


saqannt 


Fic. 175, Connections for Shunt Booster. 


i 


To discharge, throw 8, to first point on end cell switch. Next, 
S;should be thrown over to the upper clips. The battery is then 
in parallel with the generator with all end cells cut out. As the 
voltage of the battery falls, end cells are cut in by switch Sy. 
When 8; is opened, the battery supplies the entire load. 

In the case of a reversible booster, the booster field is connected 
across the bus bars and a reversing switch or rheostat is used, 
the end cells and Sy being omitted. 

The size of booster required varies with the voltage of the system, 
and the maximum rate of current flow. If the maximum load 
lasts only a few minutes, it may be considered as overload and the 
machine designed for a normal load, less than that represented by 
the maximum. 

The maximum voltage should be equal to 2.7 x N, where N is 
the number of cells in series. The voltage of 2.7 per cell is some- 
times necessary in giving the battery an overcharge. 
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The power of the driving motor is seldom made equal to the 
capacity of the booster. Since the maximum booster voltage and 
current never occur simultaneously, the maximum capacity is 
never reached, and there is no need of making the motor sufficiently 
large to handle the rated capacity of the booster. 

If the booster is reversible, the greatest driving power will be 
required when the maximum discharge is given out and the volt- 
age of the battery lowest. For instance, if the normal charging 
rate is 50 amperes and there are 56 cells in the battery which is con- 
nected across a 110-volt circuit, the maximum power to drive when 
charging would be when the voltage per cell reached 2.6 volts. 
The booster volts at this time would be 2.6 & 56 — 110 = 36 volts. 
Assuming the current of overcharge to be one-half the normal, the 
booster output for this condition is 


50 


Watts = 36 x ae 900. 
Motor H. p, ei = 1.61 H.P., .75 being the assumed 


efficiency of the booster. If, however, the maximum discharge 
rate is 180 amperes, and the battery voltage is 1.8 per cell, the 
booster volts are equal to 110 — (56 X 1.8) = 10 volts. 


10 X 180 X 1.34 


Motor Hepa 75 


= 3.23 H.P., 


which is as large as the motor should be made. 

The size of the booster would be 36 X 180 = 6.5 kilowatts, 
unless the maximum amperes flow only for a few moments, in which 
case the capacity could be somewhat reduced. If the booster were 
used only for charge, there would be 61 cells in series, making the 
booster maximum voltage on charge = 49 volts. The capacity 
would be 49 X 50 = 2.45 K.W. 

These figures show the increase in size of booster and motor 
when the former is made reversible, though the computed increase 
is for the particular conditions given only. 


CHAPTER XXXII. 
SELF-EXCITED, AUTOMATIC BOOSTERS. 


Tue self-excited boosters that automatically vary their voltages 
to correspond with the load fluctuations on the external circuit 
and the condition of battery charge, and cause charge or discharge 
of the battery as the load changes may require, are the series, the 
compound, the differential and the constant current. 

Series Booster. 

This was probably the first automatic booster, though, because 
it is operative only with shunt generators and by reason of its 
instability in working and the better regulation obtained with 
present-day types, it has become obsolete. 


Fic. 176. Connections of Series Booster. 


The connections are as shown in Fig. 176. G is the generator, 
C the battery, B the booster armature connected in series with 
the battery and having the series field coil S. The external load is 
connected across the line at any point. 

With no current flowing into or out of the battery the voltage 
of the booster is zero, and the open-circuit battery voltage is equal 
to the generator voltage when the generator is delivering its nor- 
mal load. If the external load should decrease, the generator volt- 
age will increase and a small current pass through the booster to 
the battery. This small current flow energizes the field S and pro- 
duces a voltage in the booster armature to send current into the’ 
battery, which current will increase until the load on the gen- 
erator reduces its voltage to a point where the electro-motive 
forces of the system are in equilibrium. 
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If the external load should increase, the reverse of the foregoing 
conditions obtains and battery discharge takes place, assisting the 
generator. 

This booster tends to “compound” the battery, that is, to com- 
pensate for the change in battery terminal voltage and maintain 
the line voltage constant with load fluctuations. This system is 
suitable only for power work. , 

The Compound Booster.* 

This form of booster is used on railway and power circuits 
supplying widely fluctuating loads where the batteries serve to 


Fic. 178. Connections of Compound Booster. 


prevent excessive feeder drop, and assist the power station, reliev- 
ing the generating machinery from the sudden, heavy, current 
rushes. Diagrammatically, this system is shown in Fig. 178. 

G is a generator, E a battery, B the booster armature, F a series 
field, f a shunt field, R a rheostat in shunt field circuit, M and X 
the load, and 8 a reversing switch by means of which the magnet- 
ization of the shunt field may be added to or subtracted from that 
of the series field. The operation of this system is as follows: 

Under normal conditions, the shunt field creates voltage in the 
same direction as the battery voltage, tending to cause discharge. 
Calling Ey the generator voltage, V the booster voltage and E, 
the battery voltage, Eo —V = E,, .... (67), when there is neither 
charging nor discharging current. In this case the generator 
current equals the external load current. If the load increases, Eo 
falls, and E, + V becomes greater than Ko, allowing the battery 
to begin discharging. The discharge current, passing through the 
series coil, produces an electro-motive force proportional thereto, 


* Amer. Pat. No. 625099, to J. B. Entz, May 16, 1899. 


~ 
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and acting with the shunt coil, thereby increasing V and increasing 
E, + V, causing a still more rapid discharge. The battery thus 
assisting the generator causes the load on the latter to decrease 
and its voltage to rise again until it attains its normal value. 

If the load on the external circuit falls below normal, Ep rises and 
current starts flowing into the battery. In this case, magnetiza- 
tion of the series field opposes that of the shunt coil, decreasing V. 
Then Ey > E, + V and the charging current increases until Eo 
begins to fall, and comes down to its normal value. These changes 
are, more strictly, tendencies to change which are checked in their 
inception. 

In order to compute the size and windings of the booster, a load 
curve is necessary. This, in case of a new plant, may be made 
up from assumed data, which, with the amount of data available 
covering operating plants similar to the proposed plant, will usu- 
ally be sufficiently accurate to use as a basis for computation. 

The booster must be able to commutate a current equal to the 
maximum battery discharge, or Ix — Io, in which 


I, = generator current. 
Ix = current to external load. 
Also let 
V = booster voltage due to shunt coil at open-circuit voltage 
of battery. 
Ey = generator voltage at no load. 
E, = battery voltage, on open circuit. 
h = constant which multiplied by the generator current 
equals drop in generator e.m.f. 
R = virtual internal resistance of battery. 
k = volts generated in booster armature per ampere turn on 
field. 
T= number of turns in series field. 


ll 


N = number of cells in series = —*> in which 
€ 
€ = open-circuit voltage per cell. 


The series turns must produce a booster electro-motive force that 
will just compensate for the change in battery voltage due to the 
inflow or outflow of current when the battery is in condition of 
normal charge or when R has its normal value. 

Neglecting the current required for the driving motor, the bat- 
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tery current at any time is I, — Io, and the drop or increase in 
battery voltage is R (Ix — Ip). 

The ampere turns in the series field at any time = T (Ix — Iv) 
and consequently the booster voltage due to the series turns = 
Tk Ux — Io). From the condition that the booster voltage must 
compensate for battery voltage drop 

LOMO so dliry eee Ih ee See Ga) 
Whence Tr) “and T=*. eee aie bey oe) 

These equations assume a straight characteristic of the booster. 
This is not exactly true but is sufficiently correct for all practical 
computations. 

The generator voltage must, at all times, be exactly equal to the 
battery voltage plus the booster voltage. 

Generator voltage = Ey — Ioh. 
Battery voltage = E, — R (Ix — Ih). 
Booster voltage = V + Tk (Ix — Ih). 
The equation of electro-motive forces, therefore, is 
ie loft a Hig Te Tg) Vie i (Le = Ty) i) 
Whence 
Ha Oy, = Er Te Re Th) 
R+hA-—Tk 


For normal conditions of battery charge, R = Tk and equation 
72 reduces to 


i 


(72) 


Ey — E,— V_ 
h 


For condition of maximum battery discharge at time of battery 
exhaustion and volts per cell = 1.65 volts, 


Ip = 


(73) 


(74) 


and this value of R must be adopted and substituted in equation 
71 to find Ip. 

Also note that the numerator 0.35 is found by deducting the 
minimum voltage on discharge from the normal, open-circuit volt- 
age of the battery. If the open-circuit voltage is 2.10 and the 
mimimum is 1.60, then for condition of battery exhaustion 
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Obviously, for the change in the value of R, Ip does not remain 
at its normal value, but becomes considerably greater for high 
values of R than when the battery is charged. Also, instead of 
remaining constant for a given value of R, Ip changes slightly 
with change in external load, as shown by the factor I, (R — Tk) 
in equation 72. 

All the foregoing equations are based on the assumption that the 
shunt coil is connected across the line and subjected to the con- 
stant voltage E,. 

If the coil f is connected across the battery, the shunt coil voltage 
will vary with that of the battery and 
=, Vl Rel) 


Vv iy (75) 
Substituting this value in equation 71 and solving for Ip, 
Ex — Ey — Note 1x(5=+ R—- Tk) 
Ew Eu =, 
[p= 3 ye a (76) 
R+h—-— Tkh+— 
Ey 
For Tk = R this equation reduces to 
7 
Ex Cas Ey eh Pape 
Eu Eu 
I) = ee aes a (77) 
Loca 


Comparing this with equation 73 it is clear that the regulation 
is better with the shunt coil connected across the line, as Ip is a con- 
stant and independent of the changes in external load, when R is 
constant, while equation 77 shows that with the shunt coil con- 
nected across the battery, Ip varies with the external load. 


Rvs : 
The factor —— is, however, usually very small as compared with 
M 


the other quantities. 

If V be made small, E, more nearly approaches Ey — Ih, and 
the size of the machine is kept down. If V be made large the size 
of booster is increased, but the number of cells decreased. 

Generally, V at normal voltage of battery should be small — 0 
to 5 volts. The shunt coil, however, must be capable of producing 
an e.m.f. high enough to maintain the equality of equation 73 when 
Hy, is at its mimimum, and also to preserve the equality of 


Ex — Ih + V = E, (78) 
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when E, is at its maximum and the field is reversed in direction, 
the booster adding its voltage to that of the generator. The max- 
imum battery voltage, on regulation, seldom exceeds 2.4 volts per 
cell, or about 20 per cent increase above the normal, open-circuit 
voltage. Therefore the maximum battery voltage = 1.20 E, and the 
maximum booster voltage due to the shunt coil must be 0.20 E,—V. 
‘Maximum booster voltage due to the shunt coil when battery 
voltage is a minimum is 0.175 E, + V, because the drop when 
the battery voltage is minimum is 0.35 N, or 17.5 per cent of the 
normal battery voltage. These figures vary, of course, with the 
floating voltage of the battery and the minimum and maximum 
voltages actually obtained. 

These data fix the shunt winding and, together with equation 
(78), the size and resistance of the rheostat. This latter should be 
capable of varying the shunt coil pressure from 0 volts to maxi- 
mum by steps of not over 2 volts each. 

The size of the motor is fixed by the maximum product of 
booster voltage multiplied by the battery current, both being 
taken at the same instant. This product is a maximum when 
the battery is at its lowest voltage and discharging its maximum 
current. 

Assuming 1.65 volts per cell as a minimum when discharging 
maximum current, and 2.1 volts as the open-circuit pressure per 
cell. 

BK, X 1.65 


2.1 = 0.786 Ey, NORMAL: 


LN MIN — 


The voltage then of booster when discharging Imax = 0.214 X 
E, + V. 

Watts = Iuax (0.214 * E, +V). 

Since the heavy current discharges are only momentary, the 
size of booster and driving motor need only be sufficiently large 
to commutate the maximum currents. 

This form of booster can also be connected for normal operation 
with the shunt coil pressure in opposition to the battery e.m.f., in 


which case 
Ey — lo = BE, — V (79) 


and the required number of cells in series is greater than when con- 
nected with V opposing the generator electro-motive force. 
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The relations of the various quantities can easily be worked 
out from the equations given by making the proper substitutions 
of signs. In this case, if f be connected across the battery, 


oe eee ea (80) 
h RV 


ao 


The equation shows that connected in this way the generator 
load decreases slightly with the external load. This would put 
too great a load on the battery at the timé of maximum discharge. 

As a concrete example illustrating the application of the fore- 
going analysis assume 


Ding = GAY wolus, 


he = 0.1): 

Ip = 100 amperes normal. 

I, = 400 amperes maximum. 
R = 0.14 ohm. 


ios O2ZEV.olte 
Dr, == BPS siolhist 


V = Bx — By ro Ioh == 10 volts. 
0.14 

eee “02 =a GUGM Ss 
O25) 

N = 21 => 250 cells. 


Shunt coil connected across the line. 

With any given values of E,, R and V, Io will remain unchanged 
whatever may be the variation of Ix. 

If E, varies and V be not varied to compensate therefor, Ip will 
vary, but will be independent of the external load. 

When E,+ V = Ex, Ip reduces to zero and the battery carries 
the total external load. 

When E, is a minimum, Ip is greatest if V remains constant. 

If the battery is discharged to 1.65 volts per cell and has a float- 
ing voltage of 2.1, the value of R for minimum battery voltage 
and maximum discharge is 


(2.1 — 1.65) N _ 0.45 x 250 


Se 300 


= 0.425. 
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Greatest value of Iy is therefore (equation 72) 


_ 950 — 10 — 525 + 400 (0.425 — 0.14) 
0.425 + 0.15 — 0.14 


= 296.55 amperes. 


Iy 


Of course this is an abnormal current that might occur under 
extraordinary conditions, but E, would seldom fall to 1.65 volts 
per cell without manipulation of the rheostat, which would leave 
the system in an approximately proper condition to make the bat- 
tery take its share of the load. 

Shunt coil connected across the battery. 

The calculations for Ip when the shunt coil is connected across 
the battery may be made by substituting in equation (77). 

For normal battery charge and R = 0.14, with Ix = 400 


10: << 525 10x 0:14 
eee 
oe 10 0,14 

0.15 + Fen 


= 108 amperes. 

Under same conditions with shunt coil connected across the line 
Ip = 100 amperes (equation 73), showing that the regulation is 
better if the shunt coil be connected across the line. 

When KE, rises, and V is not reversed, the battery tends to take 
all the external load. Therefore, conditions may occur under 
which Ip will fall as low as 50 amperes, while Ix = 400. The carry- 
ing capacity of the booster armature and series coil should be 
350 amperes for, say, 3 minutes. 

The maximum voltage that the shunt coil must produce is that 
required to overcharge the battery, and for 2.7 volts per cell is 
equal to 

2.0  250.— 850 = 125 volts. 

Since, at times, the current flow through the booster may be 350 
amperes, the capacity of the booster is 125 & 350 = 43.75 K.W. 
As the heavy current outputs last only a minute or two, 40 per cent 
of this, or 17.5 K.W., is large enough. 

The maximum booster output is when sending maximum cur- 
rent from the battery at the time of battery exhaustion. 

Booster volts = 550 — 100 X 0.15 — 250 X 1.65 = 122.5 volts. 

Current = 300 amperes. 

Output = 300 X 122.5 = 36.75 K.W. 
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Taking 40 per cent of this, the size of the motor is 14.7 K.W. 

All the foregoing computations are subject to correction for 
motor current which makes the battery current greater than Ix — Io, 
as set forth in Chapter XXXYV. 

From Fig. 178 it may be seen that the load may be connected 
to the line, either between the booster and the power station or 
between the booster and extreme end of the line. The battery 
and booster may therefore be located on a railway feeder at the 
point of greatest drop. The battery may also be made to help the 
power station on the peak of the load by manipulating the rheostat 
as E, falls. 


Fie. 179. Connections of Generator Series Winding to give Shunt Characteristic. 


From the foregoing description it will be seen that the compound 
booster is automatic within certain limits of battery charge. Any 
marked change of battery voltage will be followed by a correspond- 
ing change in generator current, unless the rheostat be manipulated 
to bring E, + V back to normal. 

While the theoretical generator current variation is small for a 
given change of load, there is always a sudden, momentary cur- 
rent rush from the generator on increase of load, the duration of 
which is equal to the time lag of magnetization of the booster field. 
Lights on a circuit with variable load will ‘wink’ on sudden 
changes of load. In this respect the compound booster is not so 
satisfactory as the ‘“‘constant-current”’ booster, as in the latter all 
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generator current passes through the series fields, which, by reason 
of their self-induction, oppose and check any sudden current rush, 
giving the booster field time to change its magnetization to the 
proper degree. 

This system, depending as it does on the rise and fall of generator 
voltage with corresponding change of load, requires that the gen- 
erator be a shunt machine or its equivalent. 

Where a plant has in operation a generating equipment of 
compound-wound dynamos, and this booster and battery system 
is installed, some change must be made in the generators. If 
the series field be entirely cut out, the dynamo will not generate 
the normal pressure at normal load. In order to make use of the 
existing machines and windings, the arrangement shown in Fig. 179 
is resorted to. 

In this diagram G is the generator, f and F its shunt and series 
fields, respectively, E a low-voltage accumulator — usually one or 
two cells — and R a variable resistance in series with the series 
field circuit. The battery is connected in multiple with the series 
coil and resistance R, as shown. When the load on the generator 
is normal, the drop through F + R is equal to the battery voltage. 
If the generator load rises, (F + R) Ip is greater than the battery 
voltage, and the current divides, part going through the battery 
and the normal current going through F + R. Should the load 
decrease and battery voltage be greater than (F + R) Ip, the bat- 
tery discharges and sends the normal current through F + R. 
The variation in I will be small, owing to the regulating effect of 
the main battery and booster on the line. 

Since, with this arrangement, the generator excitation is the sum 
of a constant excitation and an excitation that varies inversely as 
the load, its characteristic will be similar to that of a shunt machine. 

The Differential Booster. 

This booster is used on power and railway circuits where the 
load fluctuates widely and suddenly. There are several varieties 
of this type of booster, and many patents have been issued 
covering the different methods of varying the voltage of the 
machine. 

One of the earliest automatic boosters was that of Mailloux.* 
This system is shown diagrammatically in Fig. 180. 

The original arrangement is that of a battery E in series with a 

* Amer. Pat. No. 430868, June 14, 1890. 
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booster armature B. This combination is connected across the 
mains L, L’, the generator G being the source of supply. The 
total current supplied to the line passes through the series field, 
S, on the booster. It is evident that within the limits of satura- 
tion the voltage of the booster will vary directly as the external 
load. This voltage is opposed to that of the generator and tends 
to discharge the battery. When the load is light the booster 
voltage is low, and the generator potential overcomes both it and 
the battery voltage and sends a charging current into the battery. 


Fia. 180. Connections of Load Controlled Booster. 


At normal load the series field produces an electro-motive force, 
which, added to that of the battery, balances the generator electro- 
motive force and current flows neither into nor out of the battery. 
A load greater than normal raises the booster voltage, causing it to 
discharge the battery at a rate proportional to the external load. 
The differential booster in one of its forms is as shown in Fig. 181. 
In this the shunt coil f opposes the series coil 8, tending to produce 
pressure in the same direction as the generator pressure, and to 
send current into the battery. At normal load the series and shunt 
coils balance each other, the voltage of the booster is zero, and cur- 
rent flows neither into nor out of the battery. A heavy load causes 
the series to overpower the shunt field, and the voltage of the booster 
is in such a direction as to discharge the battery. A load lighter 
than normal allows the shunt to overpower the series field, and the 
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booster pressure is added to the generator voltage, causing a charg- 
ing current to flow into the battery. 

The differential booster commonly used is a modification of 
that of Mailloux, and designed by J. B. Entz.* This system is 
explained by Fig. 182. 


Fic. 181. Connections of Simple Differential Booster. 


G is the generator, B the booster armature, E a battery, f the 
shunt field of the booster connected across the line, 8; and 8: series 
fields, L, L’ the mains and M, M the external load. 

As shown, §; is in series with the generator and carries all cur- 
rent supplied. Sy carries all current supplied to the external circuit, 
which, at any time, is equal to the algebraic sum of the generator 


IPE 


Fig. 182. Connections of Differential Booster. 


and battery currents, when the generator and discharge currents 
are taken as positive and charging current as negative. 

S, and 8S, act together to produce an excitation opposed to that 
produced by the shunt field. As the object of this system is to 
maintain a constant load on the generator, 5; may be considered as 
constant. The field then due to f— §; is constant. If at normal 
load (f — 8:) — 82 = 0, the booster voltage will be zero, and there 

* Amer. Pat. No. 625098, May 16, 1899. 
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is neither charge nor discharge. As ®: varies directly with the exter- 
nal load, an increase or decrease will result in a booster e.m.f. act- 
ing to discharge or to charge the battery. This action is, in fact, 
the same as that of Mailloux’s differential booster, considering 
(f — 81) as the equivalent of the opposing shunt field of Mailloux’s 
system. 

The reason for the application of §; lies in the fact that any con- 
siderable variation in the battery voltage will disturb the equilib- 
rium of the system unless this compensating coil is used. If the 
voltage of the battery be lower than normal, it will not discharge 
rapidly enough to relieve the generator of overload fluctuations 
unless the booster pressure be increased, and the generator will 
therefore have to supply a current greater than its normal capacity. 
If, however, a current greater than normal flows through the coil 
Si, the value of (f — 81) is reduced, and 8, still further overpowers 
the resultant of those two and causes a higher booster pressure, 
tending to discharge the battery, and thus bringing down the gen- 
erator load to normal. Should the battery voltage be above that 
it ordinarily has, the reverse operation will take place; the battery 
tending to discharge too rapidly will have its discharge rate reduced 
and the generator allowed to take its share of the load, because of 
the booster voltage being lowered by decreased current in §;, due 
to light load on the generator. 

This system is entirely automatic with the exception of occa- 
sional variations in the strength of shunt field f, effected by means 
of rheostat R, to compensate for changes in the battery pressure. It 
is adapted for systems supplying both light and power, where the 
lighting mains are connected to L and L; between the booster and 
the generator, this portion of the load being non-fluctuating. 

The fluctuating load must be connected to the mains after they 
pass through their proper booster connections. 

In the compound booster system, it will be remembered, power 
can be taken from either side of the booster connections. 

As in the case of the compound booster, the battery may be made 
to help the generator carry the peak of the load as well as take up 
the fluctuations. This booster will operate satisfactorily with a 
compound-wound generator as the source of supply. For calcu- 
lating the size and windings of this booster the following analytical 
discussion is necessary : 

At normal load and normal battery voltage there should be 
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neither charge nor discharge, and the booster voltage should be 
zero. Let the maximum voltage of battery, on regulation, equal 
2.4 N, N being the number of cells in series. The normal voltage 
equals eN, € being the open circuit or floating voltage per cell. 

Let 

Eu = generator voltage at no load. 
EK, = battery voltage on open circuit. 
V = booster volts due to shunt coil only. 
Io = generator current. 
I, = current in external load. 
R = battery circuit resistance, including booster armature, 
for normal condition of battery charge. 
t; = number of turns in coil §). 
t, = number of turns in coil 8s. 
k = volts produced per ampere turn on booster field. 
h = volts drop in generator voltage per ampere of gener- 
ator current. 

If I be first assumed as equal to the average generator current, 
then Ey — Iph = normal voltage at booster and battery terminals 
= E,. If the generator is compounded to give a constant e.m.f., 
h=0. If it be overcompounded h is negative and Ey = Ey + Ioh. 

The equations of the three conditions under which the booster 

"must work, neglecting current required for the driving motor, are: 

For battery normally charged, the booster voltage must be zero 

when Ix = Io. The equation is 


Bo + V = Ey, t+ [ok + &). (81) 


If the battery is nearly up to full charge so that the increase in 
voltage with charging current is considerable, and if the regulation 
is to be ¢ per cent, the condition for zero external load and 100 — ¢ 
per cent generator load, is 


Eee 100 — ¢ 
Ko + V = Ea max + 100 Iokt. (82) 
When the battery charge is nearly exhausted, and the voltage falls 


to say 1.65 volts per cell on full discharge the conditions are 


By + V = Basan + oot Tokty + Take (83) 


These three equations show that the conditions cannot be ful- 
filled if V is constant. The excitation due to the shunt coil must, 
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therefore, be varied manually, by means of a rheostat, with change 
in condition of battery charge. 
The minimum value of V is as given in equation 83 and is 
V= Ka MIN Ko ai Oe Tokt, + Lk. (84) 
The maximum value is under the conditions given in equation 


82 and is 


a 100 — ¢ 


~ For normal regulating conditions, which is the basis on which the 
series turns are computed, 


V = Iok(t: + &) (86) 


the factors E, and E,) disappearing, as they are equal for this 
condition. 

When the booster is used only for charging the battery, the 
shunt coil alone is used, the two series windings being short- 
circuited. On overcharge, the battery voltage will exceed the 
generator pressure by an amount equal to 0.6 N, if the floating 
voltage of the battery equals the generator pressure; V therefore 
must be not less than 0.6 N. 

Also, from equation 85, the maximum value of V on regulation is 

V=03N+ 1 Pk, (87) 

In this equation 0.3 N is based on the assumption that on regu- 
lation the battery voltage will not rise more than 0.3 volt per cell 
above the normal floating voltage. 

In order to compute the series windings some value of V must 
be adopted. This value is usually fixed to accord with the maxi- 
mum. as given by equation 85. 

From equation 86, for the booster voltage to be zero when 
I, a Ip 

V 
Th 

As the load increases, the voltage produced by the series coils 
must exceed V by an amount equal to the drop due to resistance 
of battery circuit, or 


Kk (Iolt + Ixh) = V+ Rx — I), (88) 
the current supplied by the battery being Ix — Ip. As Ip is to 


Io (4+ ty) k= Ves: ty ep ie = (87) 
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remain constant as long as the condition of battery charge remains 

normal, the increase of series excitation must be supplied by coil S.. 
Then 

R 

kty (ie =e To) SS 18 (ie as Ty), or ty = ahs (89) 

From these equations, the windings of the three coils are deter- 

mined. In using the factor k, a constant permeability and straight 

line characteristic are assumed. This is sufficiently true for prac- 

tical purposes. Remembering that the shunt coil voltage varies 

with variation in E,, if f be connected across the battery terminals, 


V becomes 
VE, — VRI.+ VRIb 
Eo 


If the shunt winding be connected across the line, the equation 
of electro-motive forces with normal condition of battery charge is 


(90) 


Totik + L.t.k —V—- Eo + 1Bin a RIy =e IRIE. = (); (91) 

But for normal condition of battery, A = R. Therefore, 
2OV +b Bo = Ea . 
Ip = me Ts ot . (92) 


This shows that Ip is constant for any value of E, that changes 
only within the limits of drop or increase due to R. If the shunt 
coil be connected across the battery the equation becomes 


VE, Vir VR 


Iotik + Ixtek ee ee Lee E -E,+E,+ RI,o— RL=0. 
(93) 
By + yt - Bat Teg 
Whence Io = ee ars | ea (94) 
at a 


With a given value of Ey, all the terms of this equation are con- 


stant, except Ix showing that Ip varies with Ix. The factory" 
N 


is, however, small. 
It must be remembered that the value of R for the condition of 
(e — 1.65)N 
I, MAX Io 
voltage per cell. This value must always be used when solving 
for Ip when battery is exhausted. 


battery exhaustion becomes R= ,€ being the floating 
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Consider now the concrete case of a railway circuit having the 
following characteristics: 


Ky = 500 volts. 
e =2.1 volts = floating voltage per cell. 


500 
N = OL = 238 cells. 
E, = 500 volts. 


Ty = 100 amperes average. 
I, = 400 amperes maximum. 


ihe = OKG Clauaay, 
k = .02 volts per ampere turn. 
=O) < Hy = Bo 


@ = 6 per cent = .06. 
Computations based on normal battery charge. 
The first quantity to be determined is V. V for charging = 
0.6 X 238 = 163 volts. 


From equation 89, 0.16 _ 


2 = 2 


t; should never exceed such a value that would require that V be 
greater than 0.6 N. Otherwise the booster would be abnormally 
large. 

From equation 87, which gives the maximum value of V on reg- 
ulation, 


b= 


V = 0.3 X 238 + (0.94 & 100 X .02 X#). 

Putting Vee = OLN er Ga. 
then t; = 48+ turns. 

Experience has shown that a fewer number of turns than this 
maximum number may be used. About 75 per cent of the maxi- 
mum is good practice. 

Calling this 36 turns, so that on regulation the booster will work 
on the straight portion of the magnetization curve, then for normal 
battery charge 

V = 100 (86+ 8) X .02 = 92 volts. 

For minimum value of battery voltage, « = 1.65 volts per cell, 
when Ix = 400 amperes the battery pressure is 393 volts. If the 
per cent regulation is to be 6, i.e., 6 = .06, then for this condition 
(equation 84) 

V = 393 — 500 + (1.06 x 100 x .02 x 36) + (400 X .02 X 8). 

Whence V = 33.38 volts. 
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For regulation with a fully charged battery and same value of ¢ 
and e = 2.3; from equation 87 


V = 71.4 + (0.94 X 100 X 36 X .02) = 140 volts. 


The rheostat, therefore, must be designed to vary the voltage due 
to the shunt coil from 33 volts up to the maximum of 163 volts. 

If the rheostat be left unattended and so set that the normal, 
regulating, shunt-coil voltage is 92 volts, the current from the 
generator for battery fully charged and no current to the line is 
(equation 85) 


92 + 500 — 571.2 
I) = + 2 aon /= 28.75 amperes. 


For minimum battery voltage and I, = 400 amperes. 


From equation 84 


Iy 


_ V+ Ey — BE, — Ith 
tik 


Substituting the proper values, 
1, = 22+.500 — 393 — (400 x 02 x 8) _ 
| 36 X .02 - 


187.5 amperes. 


The maximum battery output at any time will be Ix — Ib 
amperes. If the battery voltage should rise, Ip will fall to 28.75 
amperes. 400 — 28.75 = 371.25 amperes, which is the maximum 
current through the armature. Taking the arbitrary figure of 40 
per cent of this, because of the momentary character of the load, 
the size of the machine should be for 148.5 amperes continuous 
output and to produce a pressure of 163 volts, which is 24.2 K.W. 

The maximum output is when the maximum battery discharge 
takes place and the battery is nearly exhausted. 

Amperes = 400 — (100 — 6) = 306. 

Volts = 500 — 393 = 107. 

Output = 32.75 K.W. 

Taking 40 per cent of this figure gives the size of the driving 
motor, which is 13.1 K.W. 

If the shunt coil be connected across the battery terminals the 
regulation will be much better for a constant setting of the rheostat 
and varying condition of battery charge than if it be connected 
across the line. For a practically constant condition of battery 
charge, the regulation is better with the shunt coil connected across 
the line. Therefore the shunt winding should be connected across 
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the line or across the battery according to the conditions under 
which the installation is to work. 

All the foregoing equations and computations are subject to cor- 
rection for the true value of the battery charge or discharge, which 
is less or greater than (Ix — Ip) by the amount of current required 
to drive the booster motor and as set forth in Chapter XXXYV. 

Constant Current Booster. 

The regulating boosters before described — the compound and 
the differential — are also called ‘‘reversible boosters,’ because the 
direction of current flow through the armature changes with charge 
or discharge. They are adapted to systems where the lines are 
long and the line drop is high, as they maintain the line voltage 
constant at the point of their connection to the circuit, whatever 
the external load may be. 

In systems where the lines are short and the drop small, it is 
often desirable to have the voltage fall on application of overload. 
The reason of this is that the overload is produced by the current 
rush due to starting of motors, and if the pressure be lowered, the 
motors start more easily and the accelerating current is decreased. 

This condition prevails in buildings where elevator, printing 
press and other motors are used, which frequently start and stop. 
For such systems the constant-current booster is best adapted, 
and it is sometimes used on railway and other circuits of a like 
nature, being installed instead of the compound or differential. 
This booster is also called the “‘non-reversible’”’ booster, as current 
flows through it in one direction only, regardless of load changes 
or whether the battery be charged or discharged. 

The Entz * constant-current booster is shown diagrammatically 
in Fig. 183. 

In the diagram, G is the generator, B the booster armature, E 
battery, S series coil, f shunt coil, 8; switch short-circuiting series 
coil, R rheostat, X, X, X, X non-fluctuating load requiring con- 
stant potential, M, M fluctuating load, and L, L; the mains. 

It is to be noted that all current used by the fluctuating load 
or delivered to the battery, must pass through the series coil and 
armature, and that there is never a reversal of current in the 
booster; also that the voltage impressed on the fluctuating load 
is greater than that on the non-fluctuating load by an amount 
equal to the booster voltage 


* Amer. Pat. No. 625100, May 16, 1899. 
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The shunt coil creates a pressure in the same direction as that of 
the generator. The series coil opposes the shunt coil, and there- 
fore produces a pressure opposing that of the generator. 

When a load comes on the power circuit, the generator tends to 
send additional current through the booster to meet this demand. 
The action of increased current is, however, to cut down the volt- 
age of the booster in a direct proportion to the increase in excita- 
tion from the series field, causing the sum of the generator and 
booster voltages to diminish with increase of load on the power 
circuit, thus causing, under any condition — up to full battery 


Fie. 183. Entz ‘‘ Constant Current ’”’ Booster. 


charge — a substantially constant-current delivery from the gener- 
ator regardless of the load fluctuations on the external circuit. 

On systems where the battery serves for regulation only, the 
booster carries only the average current and not the maximum of the 
fluctuations, as do the series, compound and differential boosters. 
The machine and its driving motor may therefore, under certain 
conditions, be considerably smaller than a compound or differential 
booster to give the same service. 

Following is an analytical discussion of the constant-current 
booster: 

Let 

Ex = generator voltage at no load. 

E,) = normal line voltage on generator side of booster. 
FE, = normal battery voltage. 

E, = booster voltage. 
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V = voltage due to shunt coil at normal battery voltage. 

T = number of turns in series field. 

Ip = generator current to power. 
I, = current in external load. 

R = resistance of battery circuit.* 

r = resistance of booster armature and series field. 

k = volts produced per ampere turn on booster field. 

N = number of cells in series. 

h = volts drop at generator per ampere of generator current. 


The minimum battery voltage should be the same as the genera- 
tor voltage, as it is often desirable to connect the battery on to the 
generator circuit by closing S., and supply the lighting current for 
short periods during which the generator is shut down and discon- 
nected from the circuit. 


Eo 

Therefore, N = 17" 

The battery is installed with some of the cells on one end con- 
nected to points on an end cell switch, and so arranged that when 
connected on the lighting load and discharging, these cells can be 
cut in as the voltage drops. This arrangement will be explained 
later. 

The maximum voltage of battery on regulation, and conse- 
quently the maximum voltage across the power bus bars, is 2.4 N. 
The average voltage wili be 2.1 xX N. The voltage due to the 
shunt coil will, for purposes of calculation, be assumed as equal to 
the difference between the generator voltage and the maximum 
battery voltage, or 2.4 N — Ep. 

When the outside load is normal and the battery is at normal 


voltage, the booster voltage = E, + rly — Eo, (96) 
and current flows neither into nor out of the battery. Therefore, 

V — Tlok = Ey — Ey + 7p, (97) 
whence 


Ve Desir: 


tt Iok 


(98) 


This assumes a constant permeability. Knowing V, Ey, Eo, k, r 
and also the average load, or Io, T is determined. Remembering 
that the excitation of the shunt coil will vary directly as the volt- 


* Virtual resistance. 
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age of the battery to which it is connected, the booster voltage 
due to the shunt coil for any battery voltage will be 
Via VES VEE SE VEI9 
Ey 

For any external load or battery voltage, the following is the 

equation of electro-motive forces: 

VE, — VRIx + VRIy 
Ey 

— IoTk — Ipr — Inh + Eo — Ey = R (Io — Ix) (100) 


(99) 


whence 


Beye RI(1 -~F)- Bs 
ee (101) 
Tk+r+h+R(1—- 7] 


Since for any given condition of battery, all the factors in equation 
(101) are constant except Ix, the generator load varies with the 
external load. It is evident that the higher V is made the better 
the regulation will be. 
If the shunt coil be connected across the bus bars on the genera- 
tor side, V will be a constant and equation (100) will become 
V —ToA —WyTk —Tor + E) - Ex = RIQ— RIx = (102) 


and 
Eo + V — Ey+ IxR | 


Tktr+R+h 

Comparing this equation with equation 101, it is clear that 
the regulation is better with the shunt coil connected across the 
battery terminals. 

The following example will illustrate the methods of calculation: 

Assume a 125-volt, two-wire system furnishing current to lights 
and electric elevators. Assume 

Ip average = 50 amperes. 
Ix maximum = 300 amperes. 


= (103) 


7 = .2°ohm. 
Rise2) om: 
= .02. 
Eo = 125 volts. 
h= 0. 
N= neo = (5.0, SAY (a. 


7 
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By means of the end cell switch, the number of cells across the 
bus bars may be varied and the number usually put in circuit is 
such as to give a minimum voltage of 1.85 per cell and a total 
voltage at least 4 volts above that of the generator. For this case 


125 +4 


N= i Ree 69.7, say 70. 
EK, = N X 2.1 = 147 volts = average voltage across power 
mains. 


EK, MAX = 2.4 X 70 = 168 volts. 

EK, MIn = 70.X 1.85 = 129 volts. 

Range of voltage through which motors operate = 168 — 129 = 
39 volts. 

Assume V = 100 volts. Then from equation 98, 

100 + 125 — 147 — 0.2 x 50 


AN 50 X .02 = 68 turns. 
Assume Ix = 0. Then from equation 101, 
Ip = St = 48 amperes. 
68 X .02-+0.2+0.2—(1- =) 
If Ix = 50 amperes, 
78 +0.2 X 50 (1 = a7) 
Ip = L624 = 50 amperes; and, 


for Ix = 300, Ip = 59.8 amperes. 

The minimum generator current will be when the battery is at 
its maximum voltage, and Ix = 0. 
_ 1004 125 — 168 
Then Lh= 1.624 

Ip is amaximum when KE, is a minimum, and Ix = 300. 


100 + 125 — 129 + 300 (.064) 
1.624 


= 35.2 amperes. 


Then Ij= = 70.7 amperes. 

Proper attention to the rheostat will prevent Ip from ever 
rising so high. 

If V were 50 volts, T would be 18 turns, Ip would be 40.4 
amperes for Ix = 0, and 99.38 amperes for Ix = 300 amperes with 
EK, normal. With E, = 126 volts and Ix = 300, Ip would be 125 
amperes. 
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V then is determined by the regulation desired. The greater 
V is, the better the regulation, but the size of the machine increases 
with increase of V. 

While the generator current varies with any variation of Ei, 
the latter changes gradually, and does not cause any sudden fluctu- 
ation of generator load. If the battery is used only for regulation, 
its voltage will vary but little; but if used to carry light loads or 
help the generator carry the peak of the load, E, may vary from 
2.5 N down to 1.8 N, and rheostatic control is necessary. 

V must always be great enough to give the battery an overcharge 
when the series coil is short-circuited. In the case just considered, 
the maximum voltage of the battery with all cells in circuit will be 

io X24 = 1971 volts: 
+ Deducting the generator pressure, 126 volts, the booster volt- 
age due to the shunt coil is found to be 71.1 volts. 

For good regulation, however, the pressure due to the shunt 
winding should be greater than this, as has been shown. 

The size of motor required is fixed by the product of booster volts 
multiplied by amperes taken at the same instant and when their 
product is a maximum. 

This maximum occurs when the series field is short-circuited by 
closing S; (see Fig. 183), and a charging current is being sent into 
the battery, and E, is maximum. If this current = 50 amperes, 
and the booster voltage = 71.1 volts, as before computed, the size 
a = 4.4 K.W., 0.80 being assumed as the 
booster efficiency at full load. 

_ All the equations and computations dependent on the value of 
the current to or from the battery must be corrected to include 
current for the driving motor as given in Chapter XX XV. 

It is to be noted that in non-reversible boosters a heavy current 
flow may take place at times when the booster voltage is low. 
Sparking will result unless the air gap be large, or a compensated 
winding which neutralizes armature reaction, be used. Interpole 
machines also work successfully under these conditions. Since 
the voltage of the booster decreases for battery discharge, and 
the current flow increases only slightly, the motor load decreases 
with battery discharge. Hence the correction in the foregoing 
formule and computations for motor current will appear as a 
negative quantity, as explained in Chapter XXXYV. 


of the motor is 
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In computing the size of a booster of this type it must be remem- 
bered that the current through it does not fluctuate from zero to a 
maximum, but is substantially constant, and its actual capacity 
must be nearly the maximum value calculated. In the case just 
discussed, with V = 100, when I, = 300, Ip maximum is 70.7 


Fic. 184. Connections, Constant Current Booster with End Cells. 


Fic. 185. Connections, Constant Current Booster with End Cells. 


amperes, and the conditions under which this current is delivered 
might continue for several hours. The current through the booster 
therefore would fluctuate between 50 and 70.7 amperes. If it 
were designed for 50 amperes continuous output, the higher cur- 
rent value would appear as a momentary 40 per cent overload, 
which is within the limits of good practice. The size of the booster 
then would be 50 X 100 = 5 K.W. The frame, however, would 
have to be larger than that indicated by this computation in order 
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to accommodate the series windings which would comprise 68 
turns having a total resistance of less than 0.2 ohm. 

The end cell arrangement before mentioned may be as indicated 
in Fig. 184 or Fig. 185. In Fig. 184 the circuit is from L through 
all the cells out to L’, when the end cell switch S; is thrown on the 
last point, as shown by the full line. When the generator is cut 
out and the battery used as the source of supply, the end cell 
switch is thrown on such a point as will place in series between the 
mains the proper number of cells to give the normal voltage of the 
generator side of the system. 

With this arrangement it is evident that the voltage fluctuation 
on the power side of the system equals 1.85 N to 2.4 N, N being 
the number of cells put into circuit by the end cell switch. 

Another arrangement is shown in Fig. 185. In this, the battery, 
exclusive of end cells, is connected across the power bus bars. The 
end cells connect to the generator bus bars through the end cell 
switch S. This latter arrangement is not so good as the one shown 
in Fig. 184, as the number of cells across the power circuit cannot 
be varied to compensate for change in condition of battery charge. 


CHAPTER (XXX 
SEPARATELY EXCITED BOOSTERS. 


Tue self-excited or multiple-wound boosters, described in the 
previous chapter, while in general use, are not now made, as the 
separately excited or externally controlled types have been found 
better in points of good regulation, low cost and high efficiency. 

One of the separately excited kind is that of Hubbard,* which is 
as shown in Fig. 186. This booster is known as the “Counter 


Shurts 


Ss ih 


CE ACT 
BQ 3 Generator 


oe 

Pd 
e 
e 
e 

e 
+ 
Booster 


Load 


< 
Battery 
Hu 


Field Atteostat 
Ly, 


Fie. 186. Counter E.M.F. Booster. 


E.M.F.” booster. G is the supply generator, B the booster ar- 
mature connected in series with the battery, the two being con- 
nected across the mains, L and L’. E is the armature of a small 
exciting generator connected in series with the field, f, of the 
booster, the circuit of exciter armature and field winding being 
also connected across the mains L, L’. A rheostat is included in 
the circuit. 

S is the field winding of the exciting generator, and carries the 


* Amer. Pat. 651664, June 12, 1900. 
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generator current or a portion thereof, the proportion being regu- 
lated by means of the adjustable shunt, which is in parallel with S. 

The voltage of the booster is in opposition to, or in the same 
direction as, that of the generator, according to whether the pres- 
sure of E is greater or less than that of the line. The pressure 
of the exciting generator opposes the current flow from the line 
through field f of booster. The voltage of the exciting generator 
varies with the change in generator output, thus causing the 
booster pressure to vary with the external load. 

At normal load the battery and generator pressures balance and 
there is no battery charge or discharge. The voltage of E being 
equal and opposite to the line voltage, no current flows either way 
through f and the booster gives no electro-motive force in either 
direction. 

If the load should increase, the current from the generator will 
also tend to increase, thus raising the voltage of E so that it will 
exceed that of the line, and current will flow through f in such a 
direction as to cause discharge. A decrease of load will result in 
a lower voltage at E and the line voltage being the greater, will 
pass current through f in such a direction as to cause charge, the 
booster pressure being added to that of the generator. 

On discharge, the battery output is proportional to the excess of 
generator load above normal up to the limit of saturation of the 
field magnets of E. This system was designed with a view to lim- 
iting the discharge of the battery, and in case of the load exceed- 
ing the normal generator plus maximum battery output, to stop the 
booster voltage from rising proportional to the load increase, and 
so make the generator work at an overload and assist the battery, 
thus in a measure protecting it from injurious discharge rates. 

The analytical discussion of this system is as follows: — 

Let Ey = voltage of generator on open circuit. , 

h= change in generator voltage per ampere of output. 

h is positive for an increase in pressure with load 
(compounded generator) and negative for a decrease 
in voltage (shunt generator). 

E, = normal battery voltage on open circuit. 

I) = amperes normal generator output. 

I, = amperes to external load. 

R = virtual resistance of battery and booster circuit with 
normal battery charge. 
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k = volts generated in exciter armature per ampere turn 
on the field. 
T = number of turns in the exciter field coil. 
Q = volts generated in the booster armature per volt applied 
to its field winding. 
e = volts per cell of battery. 
From the conditions, the booster voltage must be zero when 
E, = Eo + Ioh and Ix = Ib. 
When the booster voltage is zero, the exciter voltage is Just 
equal to the generator pressure or 


whence 
gi Se, (105) 
Ik 


Also, when the external load differs from that of the generator 
and the value of Ip Tk changes, the difference between the generator 
pressure and that of the exciter fixes the voltage impressed on the 
booster field, and since for each volt impressed on the booster 
field, Q volts are generated in the booster armature, 


Booster volts = (Ey + Inh— IpTk) Q, 
which is also equal to the change in battery pressure; hence 
(Eo = Ip (Tk = h)) Q = S RUG = Ta (106) 


The negative sign in front of the right-hand member of the equa- 
tion signifies that for increase of Ix, battery discharge takes place, 
producing a diminution in battery voltage. Q is fixed by the 
regulation required. If Ip maximum is not to be greater than 
¢ per cent above the normal value of I) when Ix is maximum, the 
equation is 


Q = TR Gemx—lo +9) | 
Eo — Io (1 + $)(TK — h) 


(107) 


Also, if Ip minimum is to be not less than ¢ per cent below the 
normal value of Ip when Ix is zero and the battery is at or near full 
charge, then 
whence 

apne RIpd — ¢) 
Ko = Ip (1 —¢)(Tk — h) 


(109) 
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Q is computed from both formule and the larger value taken. 
Except under unusual conditions, the larger value will be given by 
equation 107. 

From equation 106 
om QEo+ Rix. 

° Q(Tk=h) +R 


(110) 


R must be computed for the condition of battery charge that is 
assumed to exist, when making calculations. The maxima on dis- 
charge and charge are used ia formule 107 and 109 to compute Q. 

As a practical illustration consider a system as follows: 

Generator compound wound for 10 per cent increase in voltage 
at full load above open circuit voltage, which latter is 500 volts. 

Normal generator voltage 550 volts. 

Normal generator current 300 amperes. 

Maximum load current 750 amperes. 


Then Ey = 500. 
Ip = 300: 
h = 50 volts for 300 amperes = 0.166. 
E, = 550 volts on open circuit. 
~ € = 2.10 volts on open circuit. 
N = 262 cells. 
I, = 0 to 750 amperes. 
R = .08, normal. 
kae02: 
d = per cent regulation = .05. 


From equation 105 


_ 500 +50 


a 300 X .02 


= 91.6, say 92 turns. 

To determine Q, the maximum value of R for any condition of 
battery charge must be found. 

If the battery voltage falls to 1.65 volts per cell when the charge 
is nearly exhausted and when discharging 750 — 300 (1.00 +.05) 
= 435 amperes, the drop will be (2.10 — 1.65) N = 0.45 X 262 = 
118 volts. For this case, therefore, R = ie = 0.271. This 
value is to be substituted in equation 107. 

For an increase up to 2.4 volts per cell when the battery is 
charged, the rise is (2.4 — 2.1) N = 0.8 X 262 = 78.6 volts. This 
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rise will take place when Ix = 0 and I, (1—.05) = 300 X .95 = 285 
amperes is being sent into the battery. 
: 78.6 
In this case, R = “O85 = (0.276. . 

This value is to be substituted in equation 109. 

If the limits of voltage through which the battery is desired to 
work be increased or decreased above or below those here assumed, 
Ryax Will likewise be correspondingly changed, and must be com- 
puted as above. The limits here taken represent good practice 
and need not be exceeded except under extraordinary conditions. 

Substituting values of R, equation 107 becomes 

i 0.271 x (750 — 300 (1 + .05)) _ 117.88 

Oe 500 — 300 (1 + .05) X (92 X .02 — 0.166) —- 27.31 


and equation 109 becomes. 


g = —0.276 X 300 (1.00 — 05) _ _ 78.66 
~ 500 — 300 (1.00 — .05) (1.674) 22.90 


=4.,35, 


= 3.42. 


The larger value, 4.35, is adopted. Since the value of R taken 
for this computation is much greater than the normal, the regula- 
tion will be better than 5 per cent except when the extreme condi- 
tions of battery charge are reached. Also, since T is slightly higher 
than the exact computed value, Ip normal must be one or two 
amperes lower than the 300 amperes first assumed, unless the series 
turns are partly shunted or the rheostat 7 moved to add a slight 
resistance to the field circuit, which is equivalent to changing the 
value of Q. With normal condition of battery charge, and R = .08, 
the generator currents will be as follows: 

From equation 110 


We 4.35 X 500 + .08 Ix _ 2175 + .08 1x. 
°  4,35(92 X .02 + 0.166) + .08 7.282 + .08 
For Ix =0 I) = 295.4 amperes. 


For I, = 300 Ip = 299 amperes. 
For I, = 750 I) = 303.6 amperes. 


These figures show that for normal condition of battery charge 
the regulation is within 2 per cent. 
For minimum battery charge and R = 0.271, if I< =750 amperes, 


1, = 2175 + 0.271 X 750 
: FP NO Fall 


= 314.8 amperes, 
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or practically 315 amperes, which is within the 5 per cent increase 
first assumed. 

The maximum booster voltage is that required to charge the 
battery up to 2.7 volts per cell. 

Battery voltage on overcharge = 2.7 X 262 = 707 volts. 

Deducting generator voltage = 550, the maximum booster pres- 
sure = 157 volts. 

The maximum current through the booster = 750 — 300 = 450. 
As this is momentary, 40 per cent of this value is taken. 

The capacity of the booster will be 157 X 450 < 0.40 = 28.26 
kilowatts. 

Since Q = 4.35, the booster field coils will be so proportioned 
that one volt impressed on the booster field will produce 4.35 volts 
in the armature. Maximum booster voltage, on regulation, is 
when the battery voltage falls to 1.65 volts per cell, and Ix = 750 
amperes. This will be 550 — 1.65 X 262 = 118 volts. The ex- 
citer must be able to give a pressure of 550 volts with 92 x 300 
= 27,600 ampere turns, total on the field, and the series coil pro- 
portioned to carry 300 amperes, unless a portion of the generator 
current is shunted, in which case the number of turns will increase 
and the carrying capacity diminish proportional to the percentage 
of current shunted. 

The exciting energy required by the booster will be between 1 
and 13 per cent of the booster output. This is a maximum when 
the booster output is a maximum, which occurs when Ix is 750 
amperes and the battery voltage is lowest. 

Maximum booster volts under this condition = 118 volts. 

Current through booster is 750 — 315 = 435 amperes. 

Maximum booster output = 4385 X 118 = 51.33 K.W. 

Taking the required exciting energy as 1 per cent of the booster 
output, this will be .01 X 51,330 = 513.3 watts. As the voltage 
impressed on the booster field windings equals the booster arma- 
ture volts, divided by 4.35, the net electro-motive force at the 


booster field terminals ple = 27.2 volts. Current, therefore, 


4.35 
: F Hiss 
in the booster field at time of maximum load = 979 = 18.87 


amperes. 
The volts generated in the exciter armature at this time are 


550 + 27.2 = 577.2 volts. The capacity of the exciter, therefore, 
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must be 577.2 X 18.87 = 10.89 K.W. Taking 40 percent as suffi- 
cient for normal rating, this becomes 4.36 K.W. If the exciter 
is made large enough to give sufficient magnetizing current to 
produce the maximum booster voltage for full battery charge, its 
current output will be “i < 18.87 = 25.1 amperes. Since this 
voltage must be carried for an hour or more, the capacity of the 
exciter should be 60 per cent of the product of maximum volts 
by 25.1 amperes. 

ae = 36.1 volts. 
The exciter volts therefore = 550 + 36.1 = 586.1 volts. 

Exciter capacity = 586.1 X 25.1 X .60% = 7.86, say 8 K.W. 

For overcharging, the exciting current may be supplied to the 
booster field direct from the line, the degree of excitation being 
regulated by the rheostat R. The connections to the field wind- 
ings are reversed by means of a small hand switch, so that the 
electro-motive force produced will be in proper direction to charge 
the battery. 

This arrangement reduces the size of exciter necessary to the 
capacity previously computed for regulation. 

As in the case of all the boosters that are discussed, the equa- 
tions and computations which depend for their value on the 
battery charge or discharge current must’ be corrected to in- 
clude the current supplied by the battery to the motor. Refer 
to Chapter XX XV. 

Theoretically if the exciter and booster field be connected across 
the battery, the regulation will be greatly improved, as the drop 
in battery voltage on discharge allows a current flow through the 
booster field without any augmentation of the exciter voltage, and 
the increase in load to cause discharge need only be great enough 
to slightly overcome the battery voltage. Conversely, as the bat- 
tery voltage increases on charge, the flow through the booster 
field in the direction to cause charge will take place with a very 
small decrease in exciter voltage. : 

In practice, however, it has been found that the system is un- 
stable when connected in this way and for this reason it is not used. 

This booster is reversible when connected as before described 
and depicted in Figs. 186 and 188. It may be transformed into a 
“constant current,” or non-reversible booster, by the simple expe- 


The maximum volts across the booster field = 
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dient of reducing the number of ampere turns on the exciter series 
field and connecting the variable load across the battery, as shown 
in Fig. 187. In this case the exciter voltage at normal load must be 
less than that of the line, as the booster voltage is not zero but has 
a considerable value in the direction of charge, the voltage across 
the battery being at all times greater than that across the gener- 
ator bus bars. Therefore, if at normal load the exciter voltage be 
less than that of the line, a current flow through exciter armature 


Generator * 


Fia. 187. Counter E.M.I*°. Booster Connected for Constant Current. 


and booster field will take place, producing a booster voltage in 
the direction of charge. If the external load increases, the exciter 
voltage opposing the current flowfrom the line will also be increased, 
thereby reducing the booster field current and voltage. This is 
equivalent to a reduction of the power bus bar voltage, which allows 
the battery to discharge. If the external load be reduced, the 
_ exciter voltage is diminished and the current flow through the 
booster field augmented, producing an increase in booster voltage 
and causing battery charge. 

A complete system for large installations is shown in Fig. 188. 
The variable resistance in the main dynamo circuit is operated 
by a motor as shown. By varying this resistance the proportion 
of current sent through the exciter series field is varied. 

The booster is a double commutator machine, as indicated. 

In the exciter armature and booster field circuit is inserted the 
circuit breaker CB, which is shunted by a resistance. In case of 
excessive current flow through the circuit, the breaker will open, the 
resistance reducing but not interrupting the exciter current. 

The choke coil is to offer opposition to sudden increase or decrease 
of the generator current with rapid external load fluctuations. 

The exciter has a shunt field winding f, in addition to the series 
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field. This field is excited from a small exciting battery which 
maintains a constant voltage across the terminals of f. This field 
opposes the series field, so that more series field turns are required 


Transformer 


Fig. 188. Complete Connections for Counter E.M.F. Booster System with Auxiliary 
Excitation. 


to produce the required exciter voltage, which means that small 
changes in generator current will give large changes in the exciter 
voltage. In series with the circuit from exciting battery to field f 
is the secondary winding of a transformer, which has its primary 
winding in the generator circuit. The connections and polarities 
are so related that any sudden current rush from the generator 
induces a momentary electro-motive force in the secondary of the 
transformer, which gives an instantaneous impulse to send current 
through f in a direction to cause an excitation that will produce 
booster voltage in the direction of discharge. Conversely, a sud- 
den reduction in generator current will give a momentary elec- 
tro-motive force in the direction to produce charge. This 
arrangement, therefore, serves to make the action of the exciter 
and booster more rapid than it would be under the action of the 
exciter series field alone. 

In a modification of this system, the exciter voltage produced by 
any change in generator current is greater than that required to 
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produce the required booster voltage, and a scries winding is put 
on the exciter which is in opposition to the field produced by the 
generator current, so that, as the current from the exciter passes 
through this series winding, the voltage is reduced to its proper 
value thereby reducing the booster voltage to its required value. 
The diagram of connections is shown in Fig. 189. §; is the field 


Fig. 189. Counter E.M.F. Booster with Series Winding. 


in series with the generator, producing the field of exciter arma- 
ture E, f is the field energized through the exciter armature, and 
S. is a field in series with the exciter and therefore with the 
exciter current and wound to oppose §). 

A given change in generator current will produce in E a voltage © 
much greater than that necessary to give the required value to the 
voltage of B. In other words, the factor Q is greatly increased. 

This excess voltage across f produces a rapid rise of booster volt- 
age, decreasing the time lag due to self-induction and hysteresis. 
This causes an almost instantaneous current to flow in the booster 
field, and as this current rises to its proper value it reduces the 
exciter voltage by an amount proportional to the ampere turns 
of the field S.. 

The whole object of this arrangement is to reduce the time ele- 
ment of operation The desirability of a small or negligible 
time element is set forth at some length in the succeeding chap- 
ter. With this modification of Hubbard’s booster the size of the 
exciter is increased. 

Since the winding S, must produce an initial voltage greater 
than that actually required for the booster excitation, the size of 


the exciter must be increased in the ratio of ue in which V; is 
2 
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the voltage for normal excitation and V2 the greater voltage re- 
quired for reducing the time element. 

Highfield’s Booster. 

The booster devised by J. S. Highfield, of England, belongs also 
to the separately excited class, and differs from the other boosters 
before described in that it depends for its operation on the change 
in voltage at the battery terminals with change in load. It there- 
fore is not suitable to use on regulation with compounded genera- 
tors unless it be placed far enough away from the power station 
for the line drop to exceed the voltage rise of the generator, giving 
as a net result a decrease in voltage with increase in load, or the 


Fie. 190. Highfield’s Booster. 


series generator fields so arranged with one or two cells in circuit 
as before described, that a drop always attends a load increase. 
It, however, is well adapted to work on continuous battery dis- 
charge, as a voltage regulator, taking the place of end cells. 

Fig. 190 shows, diagrammatically, the connections of this sys- 
tem. G is the generator, E a small direct-current shunt-wound 
generator, the armature of which is connected to the terminals of 
the battery passing through f, which is the main field of the booster 
dynamo, B. § is a series field in parallel with the variable shunt 
R. The voltage of the exciter E is equal to that of the battery 
under normal condition of load, that is, when the external load is 
equal to the normal generator output. 

If the load should diminish, the generator voltage will rise, tend- 
ing to send current into the battery. This causes the potential 
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at the battery terminals to exceed that of HE, and a current from 
the battery will flow through f and E in a direction opposite to 
the pressure of E. The winding f of B is in such a direction 
that current flowing against the pressure of E increases the booster 
pressure, and it assists the generator to charge and at such a rate 
as is determined by the difference between the battery and exciter 
voltages. 

Conversely, an increase of load, lowering the generator pressure, 
causes the battery to begin discharge, and as the voltage at the 
battery terminals falls, E sends current through f to the battery, 
and the pressure of B is in a direction to assist discharge. 

The series field S is to compound the combined battery and gen- 
erator currents, it Increasing the voltage of B on discharge of heavy 
currents. The two auxiliary machines may be driven in any con- 
venient way, but usually a shunt-wound electric motor is used, the 
three frames being mounted on one base plate, and the three arma- 
tures on one continuous shaft. The booster fields are laminated 
and worked well below the knee of the magnetization curve, giving 
a characteristic which is nearly a straight line. In operation there 
are times when a heavy current may be passing through the arma- 
ture, and the field is weak and the armature reaction then becomes 
comparatively excessive. A few series turns are usually wound on 
the fields to annul the armature reaction. These are not shown in 
the figure. . 

The analysis of this system is very simple. The pressure of B is 
always equal to the drop in the battery on discharge, or increase in 
battery voltage on charge. That is, 

V=R(x—1), (111) 
in which V = booster voltage, R = virtual internal resistance of 
battery, plus ohmic resistance of connections and booster armature; 
I, and Iy = external and generator currents respectively, and their 
algebraic difference, the current through the battery, being dis- 
charge when the quantity is positive and charge when negative. 
This equation neglects the current required for the booster motor. 


Let 
E» = generator voltage at no load. 


FE, = battery voltage at normal load. 
h = drop in generator voltage per ampere. 
k = volts induced in booster armature per ampere turn on 
the field. 
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Then 
Eo = Toh = Ea Te R (ie a Io) aa Vie (112) 


But since V = R (Ix — Ip), the equation becomes Eo — Iph = Ha, 
whence 

Eo — Ex 
See 


This shows that Ip varies only when E, changes, and is greater 
when E, is minimum. 
_ The effective voltage sending current through f is the difference 
between the battery voltage on open circuit and that of charge or 
discharge. Therefore the voltage across f is at any time equal to 
the change in battery voltage, which is the same as the booster 
voltage. Hence the booster armature must induce one volt for 
each volt potential at the terminals of f. 

f may be wound with as many turns as is convenient, the size of 
the wire being such that the resistance per mean turn is equal to k. 
This is derived as follows: 


. : € 
If r = resistance of a single turn, = TI = ampere turns on 


field, e being the volts impressed on the field. ATI = x = volts 
in booster armature = V. Vr =ke,andsincee =V,r=k. (114) 
The greater the number of turns and consequently the higher 
the resistance of the winding, the smaller will be the exciter. 
Assume a system in which 
Eo = 125 volts. 
H, = 110 volts. 
h = .03. 
m2 
To = 500 amperes. 
Ix max = 2000 amperes. 
R = .01 ohm. 
The maximum battery output (neglecting motor current) is 
2000 — 500 = 1500 amperes. 
Iph = 500 X .03 = 15 volts. 
Ko — Ink = 110 volts = H,. 
Since the booster voltage must always be equal to R (Ix — Io) 
and also equal to the voltage impressed on its field, it may be taken 
as equal to the change in battery voltage from Ey, for any given 
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charge or discharge. Thus when Ix = 0, and it is desired that 
Ip shall remain constant, the voltage at the battery is increased 
01 X 500 = 5 volts = booster voltage in direction of charge, 7.e., 
the battery voltage exceeds that of the line by 5 volts when charged 
at the rate of 500 amperes, assuming that the cells are far below 
the point of gassing. Conversely, when there is a discharge of 500 
amperes, the battery voltage is 5 volts less than that of the line, and 
this must be the booster voltage in a discharging direction. 


Number of cells, N, = a = 52.4, say 53 cells. 
The maximum booster voltage — that of overcharge — = (53 


x 2.7) — (125 — 200 X .03) = 24.8, say 25 volts, 200 amperes 
being assumed as the maximum current through battery on over- . 
charge. 

Maximum current through booster armature = 1500. Booster 
capacity = 25 X 1500 = 37.5 K.W. If maximum amperes are 
momentary only, this capacity may be reduced to 40 per cent of 
the maximum or 15 K.W. 

The driving motor has its capacity fixed by the maximum output 
of 1500 amperes when the battery is at its lowest stage, 7.e., 1.65 
volts per cell. Booster voltage = 110 — 53 X 1.65 = 22.5 volts. 
Then motor capacity 


= BE SN =45.2 H.P. The factor .80 is the assumed 


80% 
efficiency of the booster. The power of the motor should be re- 


duced to 40 per cent of the maximum = 18 H.P. 

The size of exciter is determined by the resistance of the booster 
field and the difference between the generator pressure and the 
normal voltage of the battery. The size of wire for the field 
winding is fixed by equation 114. Assuming the resistance of the 
booster field is 4 ohms, the current through exciter armature at 


maximum booster voltage is = 6.25 amperes. ‘The size of the 


exciter then is 6.25 K 110 = 687.5 watts. If there were twice as 
many turns on the booster field, its resistance would be doubled 
and the exciter capacity would be only 344 watts. 
Storer’s Booster. 
A third type of separately excited booster is that of Storer,* 
shown diagrammatically in Fig. 191. 
* Amer, Patent No. 695962. 
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G is a generator, B, a booster, E an exciter having series fields, 
S: and 8., and a shunt field f which is connected across the line and 
is in opposition to §; and Sy. 

T is the booster field excited from E. As may be seen, the exciter 
field S; is in series with the generator, and §, is in series with the 
line — the whole arrangement of the exciter fields being identical 
with that of Entz’s differential system. Instead of the armature E 


Fic. 191. Storer’s Booster. 


carrying the battery current, however, it excites the field T of the 
armature B. The analysis and operation are identical with the 
Entz system before described, except that a factor Q must be in- 
cluded, which represents the volts produced in armature B, per 
volt applied at its field terminals. 

In booster systems which are separately excited, the exciter is 
sometimes mounted on the shaft with the driving motor and 
booster, and these being many times larger than the exciter, the 
speed of the latter is very slow for so small a machine. There- 
fore a larger frame is required for the exciter than for a machine 
of the same output running at its proper speed. The tendency 
at the present time (1910) is to drive the exciter and booster by 
separate motors so that each machine may run at its commercially 
economical speed. Although this arrangement requires two motors 
instead of one, the total cost is reduced and the efficiency is slightly 
increased. 


CHAPTER XXXIV. 
EXTERNALLY CONTROLLED AUTOMATIC BOOSTERS. 


Wit the exception of Hubbard’s “counter E.M.F.” system, 
none of the forms of boosters before described are now (1910) 
being marketed in America, and they are important only in that 
many examples are still in operation. They have been super- 
seded by the externally controlled types because of the cheapness, 
efficiency, closeness of regulation and ease of adjustment of the 
latter forms. 


Fic. 192. General Diagram of Connections for Externally Controlled Booster. 


The externally controlled booster is simply an ordinary shunt- 
wound generator with its field winding connected to an automatic 
regulator which is responsive to load changes, and which varies 
the booster excitation correspondingly. 

The arrangement common to three of the systems which are 
described hereafter, namely, the Entz, the Lyndon and the Biur, 
is shown in Fig. 192. 

B is the booster armature, f the booster field; Ri and Re are 
two variable resistances which are connected together and to one 
terminal of the booster field at a common point. One terminal of 
one resistance is connected to the positive side of the battery, and 
one terminal of the other resistance is connected to the negative 
side of the battery. One terminal of the field f is connected to the 


middle point of the battery. Under conditions of normal ioad, 
369 
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when there is neither battery charge nor discharge and the booster 
voltage is zero, the resistances have an equal value and both are 
reduced below their maximum value, or partially short-circuited. 
Obviously, a small current will flow from the positive to the nega- 
tive side of the battery through the two resistances, and the drop 
through either resistance is equal to one-half the battery voltage. 
Therefore, at the common junction of the two resistances and 
booster field terminal, the potential is exactly equal to that of the 
middle point of the battery, to which the other terminal of the 
field winding is connected. 

Since there is no potential difference between the two terminals 
of the field coil, there is no current flow, no excitation of the booster 
field and the booster voltage is zero. 

If, however, the resistance of R; be decreased and that of Re in- 
creased, the potential of the junction point, J, is brought nearer 
to that of the negative side of the battery and current will flow 
from the middle point of the battery, through the field coil f and 
through the resistance R; (now decreased), to the negative side of 
the battery, producing a booster excitation and pressure in a direc- 
tion to cause discharge. Also, the greater R, becomes and the 
less Ri, the greater will be the difference in potential between the 
middle battery point and the common junction point J, and, in 
consequence, the greater will be the booster excitation and voltage. 

Conversely, if Re be diminished and R; be increased, the poten- 
tial of point J is brought near to that of the positive side of the 
battery and current will flow from the positive side of the battery, 
through Rez (reduced) and through booster field f to the middle 
point of the battery. This will produce a booster excitation in a 
direction opposite to that produced when R, is diminished, and 
will cause a booster voltage in a direction to charge the battery. 
The essential differences among the several types described in this 
chapter reside in the methods to control the variation of the regu- 
lating resistances and cause them to automatically change with 
load changes on the system in accordance with the requirements 
to produce charge or discharge. With the exception of the Thury 
booster, all the external controlling devices are worked by an 
electro-magnet in series relation with the generator current, its 
pull being opposed by some mechanical force. The magnet pull 
due to normal generator current just balances the opposing force. 
With increase or reduction in generator current, the magnet 
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pull will become greater or less than the opposing force causing a 
movement of the parts which changes the values of the resistances 
to produce charge or discharge of the battery. The principal ad- 
vantages of this type over those which are made automatic by 
opposing field windings and previously discussed are: 

(1) The booster may be made of a standard shunt-wound 
dynamo instead of requiring special field windings and a special 
frame to accommodate them. Therefore the booster costs less 
and the installation of a plant is not delayed in waiting for the 
delivery of a special machine. 

(2) The sensitiveness of regulation may be varied, at will, to 
suit changing conditions. 

(3) By means of mechanical stops the battery discharge or 
charge may be limited, allowing the overload capacity of the gen- 
erators to carry any load in excess of that which the battery can 
safely carry. 

(4) The working magnet, which is put in series with the gener- 
ator circuit, can be located in any convenient place for connection 
to the bus bars, and heavy conductors leading out to the booster 
are not required, thus saving a considerable expense in installation 
and energy loss in operation. 

(5) The degree of regulation is independent of the size of the 
booster and can be made to come within limits that could not be 
obtained with pole-wound boosters unless excessively large frames 
were used, which would make the efficiency low and the cost 
prohibitive. 

(6) “Overtravel,”’ or the initial application of a high field volt- 
age to overcome the time lag of self-induction, which voltage 
decreases to its proper value as the booster voltage rises, can be 
obtained. This means quicker and better regulation than is pos- 
sible without this feature. 

When just the voltage necessary is impressed on the booster 
field, the time required to bring up the booster voltage is appre- 
ciable, due to self-induction and hysteresis lag. Referring to the 
curves shown in Fig. 193: With a given resistance and inductance, 
the final value of the current due to any steady electro-motive 
force is reached in a given time, which time is a constant for any 
electro-motive force E applied, the formula being 


rt 
i= a(t _ eat (115) 
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in which? = current in coil after any time ¢, % = & ) which is the 


maximum value of 7, r = resistance, t = time in seconds after 
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Fic. 193. Curve of Current Increase with Time in Inductive Circuit. 


making the circuit, e = base of Naperian logarithms, L = self- 
induction of the coil in henrys. Solving for ¢, 


L a 
SOG es 
Pie etl RAL (116) 
log e 


This equation shows that the time of reaching the final maxi- 
mum value of current is independent of the value of the applied 
electro-motive force. 

If a voltage higher than that required for regulation be im- 
pressed on the booster field,’ the booster voltage will rise more 
quickly to its desired value, and the booster action will take place 
with a corresponding decrease in time lag. The booster voltage 
and battery discharge will then become slightly higher than neces- 
sary and the controller will retreat from the extreme position it 
has taken, coming back to a point corresponding to the actual 
excitation required. The rise of booster voltage beyond its proper 
value and subsequent recession are indicated by the dotted curve 
lying adjacent to the curve of higher voltage. 

By a comparison of these curves it is obvious that more rapid 
changes are produced by ‘‘overtravel’’ and consequently better 
regulation. 
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There are certain conditions and equations which are common 
to all externally controlled boosters, and the analysis of the current 
and voltage changes in the regulators is the same for the three 
systems immediately following. 

In computing the sizes of boosters for these externally controlled 
systems, use the same methods as in determining the sizes of plain 
shunt boosters. If the booster requires an excitation greater than 
400 watts to produce maximum voltage, a small exciting dynamo 
is necessary, which supplies the proper field current to the booster. 
The field of the exciter is controlled by the external regulator. 
The size of the exciter must be such as to give full excitation at 
the time of greatest booster voltage on regulation, which will be 
when the battery is nearly exhausted and discharging maximum 
current, except in certain cases where the range of voltage on 
regulation must be such as to include sending full charge into the 
battery when the voltage is 2.6 or 2.7 volts per cell. Under this 
condition the maximum booster and exciter voltages are fixed by 
the maximum battery voltage. 

The computation of the booster and motor constants of these 
systems where an exciter is used, is as follows; 

Let Ex, = Battery voltage on open circuit. 

E, = Generator voltage on no load. 

h = Increase in generator voltage per ampere of output — 
positive for increase (over compounded) and nega- 
tive for decrease (shunt). 

Ip = Generator current. 

I, = Current to external load. 

V = Booster voltage. 

R = virtual resistance of battery and booster circuit. 

At any time, the line voltage is equal to that of the battery, 
minus resistance drop through battery plus booster voltage. 
Then the equation of electro-motive forces (neglecting the motor 
current) is ; 


Eo + Ipoh = V+E-— R (Ix — Ip). 3 (La) 
Booster voltage V = Ey + Ink — Ex + R (Ix — Ih). (118) 
Booster capacity = V (Ix — Io) X 0.40 (119) 


Eset yh Rede =110)] < [Ee — Io] 0.40: 


The factor 0.40 indicates that 40% of the maximum booster 
output is sufficient for the capacity rating of the machine. 
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V is maximum when charging the battery up to highest voltage. 
If an exciter be used and the booster excitation is 8 per cent of 


: SV 
the booster output, the exciter must supply 100 (Ix — Io) watts. 
(120) 


(Ixmax — Io). (121) 


SVaax 


100 


If for Q volts impressed on the field of the booster 1 volt will be 
generated in the booster armature, then exciter volts v = VQ. 
Hence exciter current delivered to booster field 


SVG Ge ly eens Senna 
C= (to) x ae eae (122) 


If the energy required to supply the exciter fields be s per cent of 
the exciter output, then this energy 


iS SV sSV 
De Lg) = 70,000 


eG 100 
which is the energy through the regulator. 

If one volt is generated in the exciter armature for q volts im- 
pressed on the field, then the volts across the field terminals of the 
exciter will be vq. 

Exciter field current, 


Size of exciter = 


(Ix — I,). (123) 


SsV 9. Us 1) 


°= 70,000 “0g (122) 
Since v= VQ, 
Ss 


All these equations assume straight characteristics. 

The size of the motor to drive the booster will be that neces- 
sary for maximum discharge when the battery is nearly exhausted, 
the voltage per cell being about 1.65, which is 0.45 volt less than 
the normal open circuit voltage. If N = number of cells in the 
battery, then V = 0.45 N, and the booster output = V(Ix — Ip) = 


0.45 <* N (x — Ip). (126) 
Then size of the motor = a xX 0.45 N (Ix —I,) 0.40, K.W. 
(127) 


the factor .40 representing the percentage of the maximum out- 
put that is sufficient for the normal rating of the machine. Fac- 
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tor .85 = assumed efficiency of the booster. All these equations 
must be corrected for motor current as set forth in the succeeding 
chapter. ; 

For all controllers having two inversely varying resistances the 
following general analysis obtains, under the conditions that the 
resistances are connected across a certain number of battery cells 
with the booster field coil connected to the cell midway between 
the extreme cells across which the resistances are connected. 

The voltage across each resistance is e — mn (Ix — Ip), (128) 
in which e = voltage on open circuit of group of cells across which 
one resistance is connected and 2e = voltage of the group across 
which the pair of resistances is connected. 

m = virtual internal resistance per cell. 

m = number of cells in a group. 

Where the voltage of the cells is known for various conditions 
of charge and discharge, the value en may be substituted for 
e — mn (Ix — I) across each resistance, e being the volts per cell. 
To determine R; and Ry, the following conditions must be ful- 
filled. 

R; minimum must not exceed a value such that when the exciter 
field current c is maximum, cR; is less than e — nm (Ix — Io). (129) 

When c = 0, and R; = Re, maximum value of R; + R: must be 
such as to prevent a large current flow through the resistances. 

Minimum value of R; must be produced by a change in magnet 
pull, corresponding to a change in current flow through controller 
magnet, which is within the limit of regulation to be allowed. 

For any value of c the resistance Ri must be 

e—nm (Ix — Io) —v 

Ry = pees, ) 

in which z = current through R; and R» and v = voltage applied 
across the exciter (or booster) field. The term en may be sub- 
stituted for e — mn(Ix — Io), in which e = volts per cell for the 
condition of battery charge and current flow that may be assumed 
for computation. The equation then becomes 

en —v 
Ri = re ray 

Since the drop through R, is equal to the voltage impressed 

across It, 


(130) 


(131) 


Ry = en andi = i (132) 
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Also, Ri (c +72) +0 = en. (133) 
v = cr, r being the resistance of the exciter (or booster) field. 
Substituting the value of 7, 


en\ 
a ae alee (134) 
R, 
= en (i — R)- Ric, (135) 
whence 
a(1- 3) 
en{ 1 — ip 
c= SIRES (136) 
and 
ren (1 = z) 
v=cr= TR (137) 
Also, cr = watts in field = w. 
w 
Uf ae 
a 
Substituting this value of r in equation 136, 
en (1 = z) 
at, eT 
ard 
¢ 
whence 
en (1 — z) | n(1 _ R) : 
pT (138) 
2 Ri 2 Ri Ry 
and 
w 
v=: 
c 


This equation may be more easily used by putting 
en = A, and (1 = R) = 6; 


the equation then becomes 


_ Ad AO w 
Oye Ga za" (139) 
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It is important to note that the watts w, supplied to the field, 
cannot be greater than 


7 (140) 


for if w is greater than this, the quantity under the radical sign in 
equation 138 becomes negative and therefore imaginary. Also, 
since the sign before the radical may be either plus or minus, there 
are two values of ¢ that will fulfill the conditions of the equation. 

When the watts are known and the maximum value of R, is 
given, the value of R, is found as follows. 

From the condition given in equation 140, the maximum pos- 
sible value of R, is such that 


. 4 Riw = (en)? (1 = z)- | (141) 
Solving, Pee mee Bo, : ne Bona = 
DT aa (Re + c ay So ee 


This equation apparently gives two values of Ri, but if the posi- 
tive sign before the radical is used the value of R; thus found will 
be greater than that of R2, which means that R: is negative, and 
this is an imaginary condition. Therefore the minus sign before 
the radical is the one to be used. 

All the foregoing equations are based on the resistances being 
connected to the battery terminals. If, however, the resistances 
be connected across the line, the outside potentials will remain 
unchanged. The potential of the middle battery point, however, 
will shift with charge and discharge, so that the voltages impressed 
across R; and R, will vary. For this condition the proper point 
to connect the battery terminal of the exciter field is not the 
middle of the battery but some point nearer to the end connected 
to the booster than to the end connected to the line. 

This point is found as follows: Call the end of the battery con- 
nected to the line, point A, the point to which the exciter (or 
booster) field terminal is connected, B, and the side of the system 
connected to the booster, point C. The maximum voltage between 
A and B should be (approximately) equal to the maximum voltage 
between B and C. Also the minimum voltage between A and B 
should be equal to the minimum voltage between B and C, 
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The maximum voltage between A and B is when the battery is 
near full charge, the maximum regulating pressure being 2.4 volts 
per cell. The maximum voltage between B and C is when the 
battery is nearly discharged and has fallen to 1.65 volts per cell, 
the booster adding its maximum voltage to the battery under this 
condition. 

The minimum voltage between A and B is when the battery 
voltage is at its minimum pressure of 1.65 volts per cell on dis- 
charge. The minimum voltage between B and C is when the bat- 
tery voltage is a maximum of 2.4 volts per cell on charge and the 
maximum charging voltage of the booster is deducted from that 
of the battery. 

Call n the number of cells between A and B. 

Call n; the number of cells between B and C. 

Call E the voltage of the main circuit. 


Then 24n=E—1.65 m1 (148) 
and 1.65 n = E — 2.4. (144) 
Solving, n = 0.248 E. (145) 


Thus for E = 559 volts n = 136.4 cells, or say 136 cells, and 
mM = N — n. 

If N = 262 cells, m = 126 cells. 

The resistances R; and R. must be connected to the circuit and 
to the exciter field in such a manner that reduction of R; causes 
discharge, and R; is connected between B and C, while R» is con- 
nected between A and B and a reduction in its resistance causes 
charge. In this way the maximum values of the voltages across 
R,; and Re become useful in producing the maximum booster volt- 
age to discharge or charge. 

Going back to equation 131, and taking R, Rs, r, v, c, «, w and n 
as given in equations 180 et seq., the equations for the field wind- 
ing thus connected are as follows: 


en —v 
Rees 
c+2 
For this case, however, en becomes E — en; hence 
E—en-—v 14 
Perce are 
CrP 4 CEL) 


en being the voltage across R, and E — en the voltage across Rj. 
en 


Re as in equation 132, 


Also, 7 = 
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Whence 
Hes 
hee eee (147) 
pees 
Ry 
B-em=R(c+ i) +0 
Putting v = cr and solving, 

E-—en (1 z) 


(148) 


Taking r = 7 substituting this value of r in equation 148, and 


solving, 
p-a(i+®) [fe-a(a®) 
c= al + TREO NENG | RE (149) 
2 Ri . 2R; 1B, 
( melt (1 He z)) 
If w> Re D 
4 Ry 


the quantity under the radical is imaginary and the watts 
assumed are greater than the regulator can supply to the field 
winding. The maximum value of w, then, is equal to the term in 
parenthesis, under the radical in equation 149. Therefore, 
2 
(E — en (1 + R)) 
2 
a De. eee il 
Mg TR, a) 
shows the maximum value of w for given values of Ri, Re, E and n. 
The pull of an electro-magnet is proportional to the square of 
the ampere-turns and to the first power of the area of the core. 
Formula for pull in pounds avoirdupois is 
— B’A —— 
~ 72,134,000 


1 (151) 
in which 
B = number of lines per square inch in the air gap, 
A = area of core in square inches, 
72,134,000 = constant derived by multiplying 8a X (no. of dynes 
in 1 pound) X (no. of sq. cms. in 1 inch). 
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Bat 
in which 
I = current in amperes, 
T = number of turns, 
Z = magnetic reluctance. 
2 
(3) A 
Whence 79,134,000 = pull: 
T 2 
| (z) 8 
Calling 72,134,000 = % 
then I, y = pull for current Ip. (152) 


If the increase in generator current to produce a given pull 
is to be within # per cent of the normal current, the maximum 


generator current = Ip + i and the pull for this current will be 
2 2 lo ~ ) 
I (1 + 400 * 10,000)” (153) 
and the increase in pull above that due to Ip will be 
24 Pp? 
a T 70 a) hv (154) 


The increase in pull must be such as to give the required reduction 
in resistance of R, to produce the booster voltage corresponding 
to the battery discharge (Ix — Io). 

If for maximum value of (Ix — Ip) and a regulation within dp 
per cent, the increase in pull is to be p pounds, the normal pull P 
for Ip = Ix, is determined as follows: 


Ratio of P to P ++ » = ratio of I? to ? (1 + 26 + nom) 


100 ' 10,000/’ 
Pon? p d 
re Dl Pr(1 Ra 
Whence P= ee (155) 


(100+ io,000) 
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As a practical example common to all externally controlled 
booster systems assume the following conditions: 
KE» = 500 volts. 
h = 0.083 volt. 
I) = 600 amperes. 
I, maximum = 1800. 


R = 0.035. 
~ = 5 per cent. 
EK, on open circuit = 550 volts. 
Nee ped. 262 cells 
2.1 } 
R _ 0.035 


Then for I, = 600 amperes, from equation 118, 

V = 500 + 0.083 X 600 — 550 + 0.035 (600 — 600) = 0. 

For Ix = 1800 amperes, 

V = 500 + 50 — 550 + 0.035 (1800 — 600) = 42 volts. 

This is the value of the booster voltage for the maximum dis- 
charge of 1800 amperes when the battery is well charged. 

Vuax for very low stage of battery charge and maximum dis- 
charge, the terminal voltage per cell being about 1.65 volts, 
will be 

V = 500 + 0.083 X 600 — 262 X 1.65 = 118 volts. 

In this case 262 X 1.65 is equal to battery voltage less drop 
due to discharge current. 

The maximum booster voltage for charging = (262 X 2.7) — 
(500 + 200 X 0.083) = 200 volts, the term 200 < 0.083 being the 
generator voltage due to the compound winding when a charging 
current of 200 amperes is flowing. 

In practice, the generator field rheostat would be set to bring 
the pressure up to 550 volts, on overcharge, so that the actual 
booster voltage would be 157 volts. Adopt 160 volts. 

Since maximum current through the booster (neglecting motor 
current) is 1800 — 600 = 1200 amperes, the booster capacity = 
1200 x 160 = 192 K.W. 40 per cent of this will be large enough, 
as the duration of the maximum current is not longer than a min- 
ute or two. The size of the booster is, therefore, 192 * 0.40 = 
76.8 K.W., and it must deliver a maximum pressure of 160 volts. 

The specified regulation of 5 per cent is intended to obtain even 
when the battery is practically exhausted. In this case the booster 
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pressure = 118 volts as before computed. The excitation required 
by the booster field will be about 1.5 per cent to produce maximum 
voltage. If a compensating winding or an inter-pole machine is 
used, this excitation will depend only on the voltage to be produced 
and not on the current output. 

Assuming that an 80-K.W. booster be adopted, the maximum 
excitation will be 0.015 80,000 = 1200 watts. 
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Fig. 194. Booster and Exciter Characteristics. 


480 200 


In the externally controlled systems the boosters are worked 
up to higher magnetic densities than are the pole-wound or self- 
exciting machines, and consequently the characteristics must be 
taken into account. Fig. 194 is a series of three curves, of which 
1 and 2 are the characteristics of the exciter and booster respec- 
tively. Curve No. 3 is the combined exciter and booster char- 
acteristics, any point on which shows the booster volts for a given 
pressure applied to the field of the exciter. Of course, if the ex- 
citer is not used, curve No. 2 is the only one to be plotted. 

From the combined characteristic it is seen that to produce the 
118 volts at the booster armature requisite for maximum dis- 
charge when the battery is nearly exhausted, approximately 112 
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volts must be impressed across the exciter field. If the booster 
and exciter be designed for this maximum condition, all intermedi- 
ate steps may be neglected. 

As previously found, the watts excitation to produce 160 volts 
at the booster armature is 1200 watts, and from characteristic curve 
No. 2 it is seen that a pressure of 200 volts must be applied at the 
booster field terminals to produce the required booster voltage. 


The booster field current, therefore, will be = = 6 amperes and 
4 200 
the resistance of the booster field = pa oue 33.33 ohms. 


A pressure of 76 volts across the booster field is required to pro- 
duce a booster armature pressure of 118 volts, which corresponds 
to a field current of a5 2.28 amperes, and the energy is 
76 X 2.28 = 173 watts. This is the required output of the ex- 
citer for maximum booster voltage on regulation. The exciter 
may be made with a capacity 40 per cent of the above required 
output, but owing to its very small size a 200-watt exciter would be 
used, for mechanical reasons. 

To impress 76 volts across the booster field, the ererer field 
must have impressed on it 112 volts, and this is the pressure the 
regulator must deliver to the exciter field when the generator cur- 
rent has increased 5 per cent, or from 600 to 630 amperes. The 
watts in the exciter field will be about 6 per cent of the exciter out- 
put. This large percentage excitation is due to the very small 
size of the machine. 

6 % of 200 watts = 12 watts = energy in exciter field at time of 
maximum output. 

12 


Current in exciter field = Tie 0.1071 ampere. 
i f iter field = el dae 1045 ohms 
Resistance of exciter field = 0.1071 > : 


The regulator must provide for this current and the 112 volts 
necessary to pass the current through the resistance, as will be set, 
forth in the analyses of the several systems described in this chapter. 

The size of the motor for this booster will be fixed by the maxi- 
mum output at any time. 

Maximum output of booster = 1200 amperes at 118 volts = 
141.6 K.W. 
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Take efficiency of booster as 90%. 
i = 157.3 KW. = 210.8 HP. 
Since the maximum output lasts only a few moments, 40 per cent 
of this capacity will be ample. Size of motor therefore = 84 H.P. 
All the foregoing computations are based on the exciter being 
able to produce only the booster voltage required for maximum 
battery discharge, and the quantities must be increased in proper 
ratio if higher voltages for overtravel are to be delivered. Thus, 
if the maximum exciter pressure is to be equal to twice that 
required to produce the booster pressure for battery discharge 
for a 550-volt circuit, and the constants are as assumed in the fore- 
going general example, the exciter will have to give a pressure of 
2 X 76 = 152 volts. This will double its size, making it 2 X 173 
= 346 watts, or say 350 watts. Also, the exciter field should have 
impressed across it double the voltage necessary to produce the 
required booster voltage, or what amounts to the same thing, the 
field should be wound with a larger size of wire so that the ampere- 
turns for a given impressed voltage across the field are about twice 
the amount necessary to produce 152 volts in a 350-watt machine. 
The field energy in this case, for full excitation of the exciter, will 
be 0.06 X 350 = 21 watts, and the field would be wound to take 
2 X 21 = 42 watts with 112 volts impressed across its terminals. 
With this proportioning of apparatus, if a 5 per cent change in 
generator current moves the regulator to such a position that 112 
volts are impressed on the exciter field, the exciter voltage quickly 
rises to 152 volts, and tends to greatly exceed this pressure as the 
exciter field has a constantly increasing current through it, that 
would rise finally to double the value required to produce 152 volts 
if it were not for the “retreat” of the controller. This 152 volts 
quickly applied to the booster field brings up the booster voltage 
with only an infinitesimal time lag, and the ‘‘retreat”’ of the con- 
troller prevents the booster voltage from rising but little above the 
proper pressure for battery charge or discharge. When conditions 
of equilibrium are established, and the maximum required regula- 
tion voltage of 118 volts is delivered by the booster, the exciter is 
supplying 2.28 amperes to the booster field at 76 volts, and the field 
excitation of the exciter is determined from the characteristic of a 
350-watt machine capable of supplying 152 volts. 
“Constant current’”’ or non-reversible boosters are regulated by 


Then motor output = 
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the same character of controllers having only a single resist- 
ance. The general scheme of connections is as indicated in Fig. 
195. The current from the generator passes to the fluctuating 
load MM through controller magnet C and booster armature B. 
The exciter field f is energized by current from the bus bars or 
from a group of battery cells. 

The pull of the magnet tends to increase the amount of resistance 
R in circuit with the booster field coil, and a spring, S, or equiva- 
lent mechanical force, opposes the magnet pull, these two opposing 
forces being in equilibrium when the current taken by the external 
load MM is equal to the average of the varying currents required 
by this load. 


Fig. 195. Connections of Controller for Non-Reversible Booster. 


An increase in the external load is followed by an increase in cur- 
rent through C. The magnet overpowers the opposing force, caus- 
ing the resistance in the field circuit to increase and reducing the 
booster voltage. This diminishes the pressure between the power 
bus bars and the battery discharges. The converse action on 
reduction of load is obvious. 

In computing non-reversible, externally controlled boosters, take 
the ampere output as the average current, and maximum voltage 
as that necessary to charge the battery to its maximum pressure. 
The computation of the controller resistance is simply to deter- 
mine the maximum and minimum currents through the booster 
field, and arrange the resistance to give these required currents, 
without the controller having to move through a greater range 
than that produced by the change in magnet pull due to the per- 
centage change in booster current which has been fixed as the degree 


of regulation. 
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In the Entz controller, smaller voltages across the booster fields 
are used than those assumed in the foregoing example. This does 
not change the capacity of any of the machines, but makes the 
current through the exciter field greater and the resistance lower 
to correspond with the lower voltage impressed on the field. 

With the Lyndon and the Bijur controllers, it is sometimes found 
desirable to put a resistance in series with the exciter field. This 
is used to adjust the field resistance of a standard machine to the 
conditions to be met on regulation, as required by equation 137 


Fic. 196. Entz Externally Controlled Booster, Diagram of Connections. 


when the resistance of the standard field is lower than the neces- 
sary value. 

The Entz* Externally Controlled Booster. 

This form is shown diagrammatically in Fig. 196. R, and R, 
are two resistances made up of piles of carbon discs. The resistance 
of these piles changes greatly with pressure. L is a lever resting 
on the tops of the piles Ri and Ry. At one end of the lever is the 
magnet 8, which has its winding in series with the generator circuit. 
At the other end of L is a spring which pulls L downward. When 
the pull of the magnet is equal to that of the spring the pressure 
exerted by L on carbon pile R; is equal to that on R., and the 
resistances of the two piles are equal. 

The booster field f has one terminal connected to the middle 
point of the battery, and the other terminal is connected to a wire 
which joins the upper ends of the two carbon piles. 

The lower end of R; is connected to the positive side of the bat- 
tery, and the lower end of R, to the negative side. 

The drop through R; plus Rg, 7.e., from the positive to the nega- 


* Amer. Pat. No. 763168, June 21, 1904. 
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tive side, is equal to the potential of the battery, and therefore 
when R; is equal to R the drop through either is equal to one-half 
the potential of the battery; hence the potential of the terminal of 
the field coil f, connected to the upper ends of the resistances, is 
midway between the potentials of the positive and negative battery 
terminals. 

Since the other terminal of coil f is connected to the middle point 
of the battery, its potential is also midway between the total bat- 
tery potential, from which it follows that when R, and Re» are 
equal there is no difference of potential between the field coil 
terminals, consequently no excitation, and the booster potential 
is zero. 

If the external load should increase, a small increase in generator 
current will cause a stronger magnet pull, increasing the pressure 
on R; and reducing it on Ri, thereby decreasing the resistance of 
R, and increasing that of R;. The drop through R, becomes much 


Fic. 197. Entz Booster with Exciter, Diagram of Connections. 


less than half the potential across the battery, and consequently 
there is a potential across the field winding f to cause current flow 
from the middle point of the battery through the winding, through 
the diminished resistance R, to the negative side of the battery. 
This produces a booster pressure in a direction to discharge the 
battery and cause it to assist the generator to supply the load 
demand. ~ 
Conversely, if the external load MM should decrease, the dimin- 
ished pull of the magnet, due to the slight decrease in generator 
current, allows the spring pull to predominate, the resistance of Ry 
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is decreased, while that of R: is increased. The field f becomes ex- 
cited by current flow from the positive side of the battery through 
the diminished resistance Rj, through field f, to the middle point 
of the battery. This sets up a pressure in the booster armature 


Fig. 198. Entz Booster Controller. 


to charge the battery, the difference between the normal generator 
output and the load demand being thus absorbed. 

Owing to the comparatively small change in the pressures which 
the magnet 5 exerts, and the thereby limited size of the carbon piles, 
this system is only directly applicable to small boosters. Where 
large machines are to be controlled, the carbon piles regulate the 
field of a small exciting dynamo, which in turn supplies the field 
magnets of the booster. Obviously, the booster voltage will 
exactly follow the changes in the exciter pressure both in direction 
and degree. 
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The connections of this booster with exciter are shown in Fig.197. 
The regulator is depicted in Fig. 198. The heavy magnet coil 
carrying large currents from the dynamo circuit is shown on the 
right together with the working core. On the left may be seen the 
tube in which the retracting spring is placed, while the carbon 
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piles are shown between the tube and the coil. The hand wheel 
W is for changing the spring tension and thereby varying the 
adjustment of the regulator. 

Fig. 199 shows a form of magnet much used for controlling regu- 
lators of this kind. It consists of a piece of strap iron bent to form 
a narrow rectangular opening between parallel sides, as shown. 
This is placed over the generator bus bar and connected mechani- 
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cally to the regulator through an adjustable rod. The current in 
the bus bar tends to draw the iron piece or “horseshoe” further 
over it, the pull being proportional to the square of the current 
flowing. The small rollers 7, r are for the purpose of preventing 
either side of the shoe from coming in contact with the bus bar and 
holding to it magnetically. These rollers are placed on both sides, 
those behind the bus bar not being visible in the picture. 

In this system the regulation is independent of the size of the 
booster and depends only on the relative magnitude of the forces 
acting on the carbon piles and the resistance of the piles to com- 
pression. Within certain limits, very slight changes in pressure 
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Fig. 200. Curve of Resistance and Pressure on Carbon Piles. 


cause great changes in resistance, and the variation of generator 
current with changes in external load is practically negligible. 
When a certain point in compression of the piles is reached, the 
increase in pressure to secure appreciable reduction of resistance 
must be considerable. Therefore, to obtain close regulation through- 
out the range of automatic working, the magnet and the spring 
must be very powerful, so that a eral percentage change in pull 
amounts to a considerable change in pressure. 

The general relation between resistance and pressure of a carbon 
pile is shown in curve No. 1, Fig. 200. This curve is for vertical 
piles with pressure applied at the top, and the resistances observed 
and herein plotted for various pressures, include the effect of pres- 
sure due to the weight of the pile. 
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Consider a carbon pile or a group of them arranged as shown in 
Fig. 198. Assume that the reaction of the piles against the lever 
is similar to that of a perfectly elastic body. This assumption, 
while not strictly true, is sufficiently correct for purposes of com- 
putation. If the initial pressure due to the compression screws is 
10 ounces on each pile, and an additional pressure of 10 ounces be 
impressed on onc of the piles, 20 ounces must be added to the initial 
magnet pull, because the upward reaction of one pile assists the 
magnet pull, and as the magnet draws the lever down the effect of 
this reaction is lost and the equal force must be supplied. There- 
fore if 20 ounces be added to the magnet (or spring) pull, 10 ounces 
will be absorbed by compensating for the lost reaction of one pile, 
while 10 ounces will appear as compression of the other pile. After 
the magnet pull has passed the point where the reaction of the 
assisting pile disappears, any additional pull manifests itself en- 
tirely as compression of one of the piles. Thus, to compress one 
pile 5 ounces more than the initial compression requires an addi- 
tion to the magnet pull of 5 -+ 5 = 10 ounces if the initial pressure 
be 10 ounces but to compress to 30 ounces requires 30 + 10 = 40 
ounces increase in pull. Therefore for this particular case, up to 
10 ounces additional compression requires an additional magnet 
pull of twice the compression desired, while above 10 ounces com- 
pression the additional magnet pull = (compression + 10) ounces. 
All this assumes that the lengths of the lever arms of adjusting 
screws, magnet and spring, are all identical. After final computa- 
tions are made, the values found must be corrected for the actual 
lever arms. 

R, is subject to change, increasing as R; decreases, up to the 
point where all the pressure is removed from Ry. For each value 
of R, the corresponding value of R2 must be found from a curve 
similar to that shown by curve 1, Fig. 200, and the computations 
accordingly made. 

Curve 2 in Fig. 200 is the variation of resistance Re with nega- 
tive pull, z.e., pull on Ri. When all external compression is re- 
moved from Ro, its resistance attains its maximum and there 
remains constant, as shown. 

Since the relation between resistance and pressure of a carbon 
pile is hyperbolic, a general formula for resistance in terms of change 
in generator current would be cumbersome and difficult to use 


practically. 
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The size of the carbon plates is taken such that the current 
density is about 10 amperes per square inch of contact area, which 
fixes the surface dimensions. 

There is an initial pressure on the carbon piles, due both to their 
weight and to the slight pressure of the adjusting screws. Refer- 
ring to the curve 1, Fig. 200, the initial pressure on the top disc is 
taken as 10 ounces. Resistance of each pile is 22.5 ohms. 

In order to reduce the loss through the piles there should be such 
a number in series as will produce a high resistance, or the con- 

“nections should be made to points on the battery circuit where 
suitable potentials can be obtained which are lower than the line 
voltage, or a combination of both should be used. 

In practice it has been found that the change in voltage across 
the booster or exciter field should be small, the maximum pressure 
across the field being limited to about 30 volts. The ratio between 
the field and armature windings must be such as to give the proper 
armature pressure when the watts, as predetermined from the 
characteristic, are impressed on the field. 

It is customary to make only two computations for automatic 
boosters, namely, for the maximum voltage on charge, and the 
maximum on discharge, and that one showing the greater values 
of booster capacity and magnet pull is adopted. Usually the 
condition of minimum battery voltage and maximum discharge 
gives the greater values, and this will be the basis of the following 
calculations. 

Take the general example given in the first portion of this chap- 
ter in which the booster was found to have a capacity of 80 K.W. 
and the exciter 200 watts. Plot curves of booster and exciter char- 
acteristics and from these calculate points for a curve of booster 
voltage for watts in the exciter field, as shown in Fig. 201. Note 
that the characteristics for exciter have watts as abscisse. If 
no “‘overtravel”’ is provided for, the energy in the exciter field for 
the maximum of 118 booster volts (regulating) is found from the 
curve, Fig. 201, to be 12 watts. 

Assume a magnet pull that is practicable with a normal current 
of 600 amperes. This will of course depend on the size of the core, 
the number of turns and general factors of design. Take for this 
case P= 200 ounces normal. For a 5 per cent degree of regula- 
tion the pull with maximum generator current will be (1.05)? x 200 
= 220.5 ounces, which is an increase of 20.5 ounces. If the mag- 
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net lever arm is 6 times that of the piles, the increase in pressure on 
the piles = 6 X 20.5 = 123 ounces. As there are 3 piles among 
which this pressure is divided, the increase in pressure per pile is 
133 = 41 ounces. Referring to the curves, Fig. 200, it is seen that 
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Fic. 201, Booster and Exciter Characteristics, 


a pressure increase of 41 ounces reduces R; to 14 ohms per pile, or 
42 ohms for the 3 piles; while Ry is 42 ohms per pile, or 126 ohms 
total for the 3 piles. 

The minimum voltage, en, necessary to impress on a group of piles 
for maximum exciter field watts may now be determined from 
equation 140. 

ge wt ie oe = 66.6 volts, 


394 STORAGE BATTERY ENGINEERING 


Since this voltage must exist at the time of maximum discharge 
and lowest state of battery charge, the volts per cell, ¢«, = 1.65. 
Therefore n = ae = 40.3. Adopt 41 cells; en = 67.65 volts. 
Voltage of en, open circuit, = 41 X 2.1 = 86.1 volts. Voltage 
across both groups of piles (open battery circuit) = 172.2 volts. 
Resistance of R; + R. when there is neither charge nor discharge 
of battery = 6 X 22.5 = 135 ohms. Continuous current flow 
172.2 
through R,; + Re = 735 
loss in controller = 1.275 X 172.2 = 219 watts. Current in ex- 
citer field (from equation 139) is 


_ 67.65 X (1 = 0.333) (Ones GQ 0.295) ale 


= 1.275 amperes. Continuous watts 


2x42 (2 X 42)? 42 
= 0.5365 + V0.2874 — 0.2857 = 0.5365 + 0.00412 
= 0.54062 res 
0.53238 


These two values for the current are so nearly identical that it 
is necessary to consider only one of them. Under certain condi- 
tions, however, the two current values may be greatly different, 
and the designer may select the one he considers preferable. Tak- 
ing the field current as 0.54 ampere, the field resistance 


watts 1 

n= (0.54) = 0.999 > 41.1 ohms. 
‘en _ 67.65 
Pah 7126 = 0.536 ampere. 


Then c++-7= 1.076 amperes, and drop through R,; = 42 x 
1.076 = 45.2 volts. v = 67.65 — 45.2 = 22.35. This is also equal 
to cr = 0.54 X 41.1 = 22.2, which checks closely enough for the 
many suppressed decimals in the computations. 

The exciter field will be wound to take a maximum of 0.54 am- 
pere and to have a resistance of 41.1 ohms. The ampere turns 
are to be such as to give an exciter armature pressure of 15 volts 
(see curves, Fig. 201). If the volts per ampere turn at that point 
of the characteristic are equal to .02, then the ampere turns 

15 50 


7 
iyi otos 750. Number of turns = 0547 1385. 


ae 0.0297 ohm. 


Resist = 
esistance per turn 1385 
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Obviously, if either the normal magnet pull or the degree of regu- 
lation were increased, Ri would be decreased for maximum magnet 
pull, and en would be correspondingly decreased. This would 
reduce the continuous energy loss through the two piles. 

If ‘‘overtravel” be desired, the exciter watts and voltage must 
be increased proportionally, as described in the first portion of this 
chapter. 

Fig. 202 shows a complete diagram of this booster system with 
separately driven exciter. 
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Fia. 202. Diagram of Connections for Entz Booster with Exciter, 


Motor No.1 drives the exciter and motor No. 2 drives the 
booster. 

Each of the motors has a single-pole circuit breaker and a single- 
pole switch to open the circuit to the motor-starting resistances §; 
and 8, respectively. The 3-pole, single-throw switch 1 connects 
the regulator and exciter field to the section of battery used for 
excitation. From the exciter armature, the booster field current 
passes through a single-pole circuit breaker, CB3, to switch 2. A 
resistance r is shunted across the circuit breaker terminals, its 
resistance being proportioned to admit the passage of the maxi- 
mum regulating booster field current. Therefore, if CB3 opens, 
the current to the booster field is not interrupted but simply 
limited to a safe value. By means of switch 2 the booster field may 
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be connected to the exciter armature by throwing to the left. By 
throwing switch 2 to the right, the booster field is connected directly 
to the bus bars through a fixed resistance 71, switch 3, rheostat T 
and switch 12. With its field connected to the bus bars, the booster 
is operated as a plain shunt machine for charging or discharging, 
switch 3 being for the purpose of reversing the booster field as 
may be desired. The field current may be hand-controlled by T, 
as is obvious. As shown, the booster field is divided into two (or 
more) sections which may be connected in series or parallel, the 
series connection being used when working directly on the bus 
bars, and the parallel when the field is connected to the exciter. 
Switch 12 is to make this change in connection, the field coils being 
inseries when the switch is thrown on the upper-contacts, and in 
parallel when the switch is thrown downwards. By means of 
switch 4, the battery may be connected to the bus bars through 
the booster armature when the blade is thrown on the lower clip, 
or it may be connected directly across the bus bars, cutting the 
booster entirely out of circuit when the blade is thrown to the 
upper clip. Switches 8, 9 and 10 are triple-pole, double-throw 
switches for shifting the connections of the regulator and exciter 
field to different sections of the battery. Any battery section 
_across which the regulator is connected, suffers a small but con- 
stant discharge, and therefore, in a short time becomes further 
exhausted than the other portions of the battery. In order to 
equalize this regulator discharge the arrangement shown has been 
devised. 

If all the switches be thrown to the right, that section of the bat- 
tery, indicated at the upper end, will supply current to the regula- 
tor and exciter field through switch 8. If switch 8 should be thrown 
to the left, the second section of the battery will be put in circuit, 
through switches 8 and 9, the first section being cut out. If now 
switch 9 be thrown to the left, the third section will supply the 
regulator and exciter field through switches 8,9 and 10. Thus the 
switches at the beginning are all thrown to the right, and as the 
battery sections are changed the switches are successively thrown 
to the left. When the lower end is reached, the procedure is re- 
versed, the switches are successively thrown to the left from the 
bottom section up to the top. In this way the regulator and ex- 
citer fields are easily shifted to different battery sections and the 
regulator discharge equalized over the entire battery. 


EXTERNALLY CONTROLLED AUTOMATIC BOOSTERS 397 


The Lyndon Externally Controlled Booster.* 

This form is shown diagrammatically in Fig. 203. The general 
principle is the same as that before described, namely, the inverse 
variation of two resistances between which one terminal of the 
field is connected, while the other field terminal is connected to 
a point on the battery lying halfway between the points to which 
the free terminals of the resistances are connected. The methods 


Fic. 203. Lyndon Externally Controlled Booster. 


of computation of sizes and voltages of booster, exciter and driving 
motor, and the volts to be impressed on the booster or exciter field, 
are all as given in the first portion of this chapter. 

The controller is shown in detail in Fig. 204 and consists of two 
small flat boxes A and B, made of cast iron, glass or any material not 
attacked by mercury, and placed so that one is at a higher elevation 
than the other, both being set at an acute angle with the horizontal. 
The two boxes are connected by a vertical tube C which leads from 
the lower end of the lower box to the lower end of the upper one. 

A second vertical tube is connected to the upper end of the lower 
box, and at the upper end of this second tube is placed a flexible 
diaphragm H, similar to the kind used on steam-actuated damper 
regulators. 

The tops of the flat boxes are of ebonite or some similar solid 
insulating material. These tops are fastened to the boxes with 
screws, a soft rubber gasket being placed between the box edges and 


* Serial No, 514,120. 
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the cover, so that a liquid-tight joint isformed. Contact points, 
made of polished steel, pass through the box covers, being spaced 
as shown in Fig.205a. These contact points are very small bolts, 
placed with their heads on the inner surface of the cover and 


Fic. 204. Lyndon Booster Controller, Detail of Controller. 
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Arrangement of Contacts, Lyndon Booster Controller. 


the threaded end on the outside. A sheet of soft rubber is in- 
terposed between the head of the contacts and the cover, so that 
when the nuts are screwed up on the outside the heads press into 
the soft rubber and form liquid-tight joints as indicated in Fig. 
205b. Since the tops of the boxes are inclined, the contact points 
are arranged in stepped relation. To the outer ends of the con- 
tact bolts are attached terminals leading to two resistances, Ry 
and Re, there being one resistance for each box. 

A magnet having its winding in series relation with the genera- 
tor current, acts to pull down a lever which presses on the dia- 
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phragm. Any magnet pull, therefore, gives a coresponding pres- 
sure on the diaphragm. 

Mercury and glycerine are poured into the boxes and connect- 
ing tubes until they are filled and the respective levels of the two 
liquids are as indicated in Fig. 204. Under these conditions there 
is a head of mercury acting in one direction and a head of glycerine 
acting to oppose it. The net unbalanced force, then, is that due 
to the mercury head minus that due to the glycerine. 

A one-inch head of mercury = 0.5 lb. pressure per sq. in. 

A one-inch head of glycerine = 0.035 lb. pressure per sq. in. 

Net unbalanced force = (0.5 a — 0.035 b) Ibs. per square inch, in 
which a and b are the heights of the mercury and glycerine columns 
respectively. This force acts against the diaphragm and is opposed 
by the pull of the magnet, the two being equal when normal 
generator current passes through the magnet winding. 

If the ampere turns of the magnet be varied, its pressure (through 
the lever) against’ the diaphragm will be greater or less than that 
due to the static head of the mercury, and movement of the dia- 
phragm and the bodies of glycerine and mercury will result, the 
glycerine acting both as a liquid piston to move the mercury and 
as a spark-suppressing medium. As the mercury diminishes in one 
vessel and increases in the other, the contact points in the cover of 
the one are no longer electrically connected through the body of 
mercury, while in the other vessel more points are electrically con- 
nected. Therefore, the two resistances which are joined to the 
contact points are short-circuited to a greater or less extent by any 
movement of the mercury. 

Referring to Fig. 203, the operation of a system using this con- 
trol is indicated. 1 is the main generator, the current from which 
passes to the battery and the external load O, O through magnet 
winding P. The battery is connected across the line through booster 
armature 2. Resistances R; and Ry have numerous steps connected 
to the contact pins in the covers of the vessels A and B. One 
terminal of R; is connected to the positive side of the battery and 
one terminal of R» to the negative side, the other terminals of Ry 
and R, being joined together. The booster field winding 3 is con- 
nected on one side to the middle point of the battery and on the 
other side to the junction of R; and Re. 

If the system be adjusted for a certain normal generator out- 
put, the current passing through the magnet winding produces 


400 STORAGE BATTERY ENGINEERING 


a pull that just balances the force due to the opposing head of 
mercury, and, if the external load is also equal to the normal gen- 
erator output, the mercury will stand at a level in both boxes such 
that one-half of R; and one-half of Ry are each short-circuited. 

The potential drop from 12 to 15 is equal to the potential of the 
battery, and the drop from 12 to 5 is one-half the battery potential. 
Therefore, with this condition, point 5 and point 4 are at the same 
potential and no current passes through the booster field; the 
booster voltage is zero, and there is neither charge to, nor discharge 
from, the battery. 

If the load increases, a greater current tends to flow from the 
generator, and the pull of the magnet P is increased, the magnet 
core moves downward depressing the diaphragm and forcing mer- 
cury out of A into B, thereby increasing the resistance of R; and 
decreasing that of R,. The drop through R; becomes greater 
than that through Rs, and point 5 is at a lower potential than 
that of point 4. Current flows from 12 through R; to 4 and 
through the booster field 3, to 5, its magnitude depending on 
the ratio of Ry to Ri. This current through the field produces 
a booster voltage in a direction to assist the battery to discharge 
and take up the load in excess of the normal generator output. 
Conversely, if the external load should decrease, the generator 
current will tend to decrease, and the flow through P being reduced, 
the pressure due to the static head of mercury will be greater than 
the pull exerted by the magnet. Consequently mercury will pass 
out of B into A and thereby decrease the resistance of R, and in- 
crease that of Ro. This changes the potential of point 5 and makes 
it more nearly equal to that of the negative side of the battery. 
Current will therefore flow through booster field 3 from 6 to 7, or 
in a direction opposite to that in which it flowed in the previous 
case. This sets up a voltage in the booster armature in a direc- 
tion to charge the battery, and the current in excess of that neces- 
sary for the load passes into the battery. 

For each external load change there is a certain booster voltage 
necessary to cause the proper charge or discharge, and by having 
a number of contact points in each vessel cover, many voltage 
gradations up or down from zero may be obtained. 

One of the principal features of the system is the small change 
in the pressure head of mercury with complete short-circuiting or 
open-circuiting of either of the resistances, so that the opposing 
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forces of mercury head and magnet pull do not vary greatly 
throughout the range of motion of the device. Also, the dash-pot 
action of the liquids makes it self-damping. 

With this controller, currents up to 5 amperes may be passed 
through the contacts, so that an exciter does not become necessary 
until the size of the booster is such that the exciting energy exceeds 
600 watts maximum on regulation. Also, the voltage across which 
the resistances are connected may be taken at any value desired, 
as it is only a question of proportioning the resistances and the 
number of contact points to work under the voltage chosen. This 
booster controller will here be treated fully because it is an example 
of the general case of booster controllers having high resistance 
and which can be connected either across the battery or the line 
as may be desired. 

In practice, a portion of the generator current is shunted around 
the magnet winding, and the generator load is adjusted for any 
desired value by varying the current through the shunt. 

For a given percentage of regulation, the contact boxes must 
have a certain slope, so that with movement of the mercury a 
change in head is produced that is proportional to the increase or 
decrease in magnet pull due to the increase or decrease in generator 
current. There is another factor that affects the slope of the boxes, 
and that is the change in the pull of the magnet due to the change 
in the position of the magnet core and consequent change in the 
reluctance of the magnetic circuit. The core of the magnet has 
considerable travel with corresponding variation in the air gap. 

By properly shaping the cores, that is, making them more or 
less pointed or rounded on the end, magnets can be produced that 
will give a substantially constant pull with constant excitation 
over a considerable range of motion. Unless controller magnets 
are so designed there will be no stability of position, nor is regulation 
possible, for with any change either of excitation or opposing force, 
the core will move to its extreme position up or down, owing to the 
rapidity of increase or decrease in pull with change in the position 
of the core. The change in pull due to change in core position with 
constant excitation should be not greater than 7 per cent between 
the highest and lowest points, or 33 per cent from the middle or 
neutral position to lowest or highest position. 

The resistance from one contact point to the next and conse- 
quently the voltage change from point to point is not constant. It 
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has been found that as the booster field is decreased from full 
excitation towards zero, the motion of the mercury is so rapid that 
it opens the circuits from point to point faster than the self-induc- 
tion of the fields is able to follow. Consequently, the real break 
in the field current is not from point to point consecutively but 
from the starting point to one several points removed. With the 
stored energy in a fully charged field dissipated in the break over 
only one or two points, sparking will occur. 
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Fic. 206. Curve of Division of Resistance among Contact Points for Booster 
Controller. 


To prevent this, the resistance between adjacent points decreases 
progressively from the first point to the last, the first point being 
that one at the highest position of the box cover and the last point 
being at the lowest position. When the first point touches the 
mercury the entire resistance is short-circuited and the maximum 
booster field excitation is produced, and between points 1 and 2 
the maximum resistance is inserted, while contact between the 
last point only and the mercury means the whole resistance is in 
circuit and the current through it is a minimum. Therefore 
between the last point andthe one adjacent thereto the minimum 
resistance section is connected. 

Fig. 206 shows a curve that indicates the rate of change in the 
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resistance from point to point. This curve was found experi- 
mentally. It closely approximates, however, the division of resist- 
ance such that the watts in the circuit opened at any point are 
constant. The abscisse are for both R; and Rs. 

Also, the movement of a magnet core to produce corresponding 
change in the number of contacts immersed is plotted, the total 
travel of the core being here assumed as 0.6 inch. The dotted 
lines forming steps on the under side of the curve indicate the 
resistance from point to point, each of the vertical dotted lines 
Qi, Az, A3, a4, etc., representing, to scale, the amount of resistance 
between the two points between which the vertical line is taken. 
The movement of the magnet is indicated by the ordinates to 
the left. 

The computations of sizes of booster, motor, exciter and general 
equations are as have been given in the first portion of this chapter. 

For producing a voltage high enough to overcharge the battery 
the booster field is connected directly tothe linethrough a rheostat, 
as in the case of the Entz booster. 

Consider a booster of 80 K.W. capacity having an exciter; such 
machines have the characteristics shown in Fig. 201. The exciter 
field energy required for the highest booster regulating voltage is 
12 watts. . 

The regulator resistances should be high, to keep down the con- 
tinuous loss through them. These can be made any desired value. 
Assume that the total resistance for each set of contacts is 6000 
ohms, and divided among the contact points in accordance with 
the curve, Fig. 206. 

In the middle position R; = Re = 1280 ohms. Then R; + R,= 
2560 ohms. 

If the normal battery voltage be 550 volts and the floating volt- 
age of the battery be 2.1 volts per cell, it will consist of 262 cells. 

First Case. Resistances connected across battery, exciter field 
connected to the middle cell. 

Number of cells across each resistance = oe = 131. 

Voltage across each resistance at normal load, battery floating, 
= 131 X 2.1 = 275 volts. 
Papi) 
1280 
Voltage across each resistance when battery is nearly exhausted 


Continuous loss = = 0.215 ampere =0.215 X 275 =59 watts. 
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and discharging maximum current = 131 X 1.65 = 216 volts. It 
is better to design the controller so that the maximum booster 
voltage will be produced without the magnet having to travel to 
its extreme lower (or upper) position, leaving some margin for 
adjustment and ‘“‘overtravel.’”’ Assume in this case that contact 
point 30 of R; is the proper position of the controller for delivering 
12 watts to the exciter field. ; 
From equation 140, 


| watts = w= RR, 
For controller point 30, Ri = 640, Re = 2220, 4 R; = 2560, 
en = 216, (en)? = 46,656, 1— 7 = 0.709, (1 = z) = 0.5027. 
Then w = snes OO NETS 9.1 watts. 


2560 


This number is less than the required 12 watts; therefore the 
controller must travel further than point 30 for maximum regu- 
lation. 

Try point 32. R, = 520, Re = 2480. 

Solving for w, this is found to be 13.98 watts, which is greater 
than the 12 watts required. Point 32 will therefore be adopted as 
the limiting point for regulation. 

Current in exciter field, from equation 138, is 


pas 520 520 \\2 
A 216(1 ran) if (z (1 S 21) 12 
2 X 520 2X 520 “520 

= 0.1641 + V (0.1641)? — .02309 


a 


( 0.2257 ampere 


— cj 4. 3 5 ——J 
meee ah 20.1025 ampere 


there being two values of current which satisfy the conditions. 
Resistance of field will be 
12 
lope 
12 
— 


= 235.7 ohms 


= 1142 ohms 
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Whichever is best suited to the type of machine under consider- 
ation may be adopted. Assume that 0.2257 ampere and 235.7 
ohms will be the values used. 


216 


Current through R. = 7 = Sei 


= 0.087 ampere. 


Drop through Ri = 520 (0.2257 + 0.087) = 162.6 volts. 

Volts across exciter field = 235.7 X 0.2257 = 53.17. 

The sum of the volts drop through R,; and the volts across the 
exciter field must be equal to en. In this case the sum = 162.7 
+ 53.17 = 215.87, or, practically, 216 volts. 

If the field were connected directly across one half of the battery, 
i.e., all points immersed in the mercury, and when the pressure 
2X 1381 

235.6 


per cell is 2 volts, the maximum current flow would be 


= 1.11 amperes. 


When the regulator magnet is in its middle position and the 
C7 eine 

1280 
0.276 ampere. The resistance, therefore, should be designed to 
carry 1.11 amperes from point 45 to point 44, gradually diminishing 
from point 44 to point 23, at which latter point the carrying 
capacity must be 0.276 ampere, this value being constant from 
point 23 to point 1. 

If the regulator be worked to the last contact point, that is, to 
where R, = 20 ohms and R, = 5440 ohms, the maximum watts 
that may be supplied are, from equation 140, 


A cen)(1 = a : (216)2(1 - a5) 


a 4 Ry i 4X 20 


battery on charge, the maximum flow will be, 


= 578.8 watts, 


and the current would be 


20 20 ) 2 

216 (1 2 am) au x(1 = say tee 

er Rea ROE 2 20 20 
= 5.38 amps. 


566.5 
Resistance of field for 566.5 watts = (5.38)? > 20 ohms. 
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If a booster, having a field that takes this much energy, were put 
across the regulator, the current-carrying capacity of R; and Re 
131 X 2 

20 
44, diminishing to 0.276 ampere at point 23, the resistances from 
point 23 to point 1 all having a carrying capacity of 0.276 
ampere. 

If desired, the carrying capacities between points 45 and 23 may 
be diminished below the figures given, as they have to carry these 
maximum currents only momentarily. The capacity from point 
45 to point 44 may be made to carry the maximum current for 40 
seconds only, this decrease being reduced between each succeeding 
pair of points until between points 22 and 23 there can be no reduc- 
tion below the maximum current as computed above. If the field 
of the exciter selected, gives a proper exciter armature voltage 
with the given current through it, but has a resistance lower than 
desired, a dead resistance having a current-carrying capacity 
equal to that of the field may be inserted in series with the field. 
The value of this resistance is of course the necessary resistance 
as computed, minus the resistance of the field winding. 

Second Case. Resistances connected across line with exciter 
field terminal connected to the point in the battery determined 
by equation 145. » 

n = 0.248 E = 0.248 X 550 = 136.4, or 136 cells from end of 
battery, opposite booster connection. Continuous loss practically 
same as in first case, viz., 59 watts. 

When battery is nearly exhausted and discharging maximum 
current, the voltage across Re is e = 1386 X 1.65 = 224.4 volts, 
and voltage across Rj is e: = 550 — 224.4 = 325.6 volts. 

Try, in this case, the contact point No. 30 as the limiting motion 
of the regulator for a 12-watt field. 

From equation 150 


(550 — 994.4 (1 ee )y 


= 13.1 amperes between points 45 and 


would have to be 


2200 


a 4X 640 


= 26.4 watts. 

Therefore contact point No. 30 is well within the limit of opera- 
tion. 

Taking point 30 with its values of R; and Rs, the current in the 
exciter field winding, from equation 149, is 
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(550—224.4(1+ 507) inet 4 zav)) 
Sore ee ee i ttt can el ee lea 
\ 


2200 2200/) 12 
2X 640 2X 640 - 640 


0.35369 

= 0.20336 + 0.1 = ; 

+ 0.15033 ee ampere 
Hither value may be adopted. 
Resistance of the field 

12 
z ip (0.35369)? = 95.9 ohms 
Dae eal 12 
(0.05303)? _ ode 


the resistance adopted depending on which of the two currents is 
taken for the design of the exciter. 
If the field were at any time connected directly across the cells 
with only one division of the regulator resistance in circuit, the 
9 
maximum current flow would be Aa = 2.8 amperes, 20 
ohms being the resistance of the single division. The regulator 
resistance should have a carrying capacity of 40 per cent of this 
maximum current or, 0.40 X 2.8 = 1.12 amperes, between points 
45 and 44, gradually diminishing to 0.276 ampere at point 23. 
Maximum watts that can be delivered by the regulator working 
to the last contact point is 


20 \\e 
(550 — 224.4 (1 sis sam) 


Ww ae ae = 1262 watts. 

The slope of the boxes is determined as follows: If H = normal 
head of mercury in inches, the pressure per square inch on the 
diaphragm is proportional to it. The opposing pull of the magnet 
is proportional to the square of the current in the coil. The head 
of glycerine must be deducted from that of the mercury, that 
is, the net head is (H—h), h being the head of glycerine taken as 
the equivalent of a certain number of inches of mercury. Also, 
if the magnet core moves from its middle position, the pull will 
be that due both to increase in current and changed position of 
the magnet core. 

If the core were moved to its extreme position without change 
in the current through the coil, its pull P in pounds would be 
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= P+gP,g being the percentage increase in pull for maximum 
movement of the magnet core. Therefore the pull to be added to 
the normal magnet pull is less by the amount gP than would be 
necessary if there were no change in magnet pull due to change in 
position of the core. Hence 

PoP. 4 o))42 P — gp; (160) 
p being the pull, in excess of P, necessary to compensate for change 
in head, and ¢ being the percentage increase in generator current 
for regulation. 

For P the value of (H — h) may be substituted, the magnet pull 
being equal to the net pressure head. 

Then I2:(H—A)::(1+¢41?:(H—h) —g (H—A) +5, (161) 
S being the equivalent of p in terms of mercury head. 
Whence; (H — A) (I+ 41)? = 2? (H—h-—g (H—h)+S), 

8 = (H—h) 2¢+¢'+9), (162) 
which is the value of the total change in head for movement of the 
core from the mid position to extreme low position. Since the total 
change in head. is twice the change in the level of the mercury in 
either vessel, being the sum of the changes in level in the two vessels, 
the vertical distance from the middle point to the upper point = S, 
and the vertical distance between extreme upper and lower points 
=. 

The magnet pull necessary depends on the head of mercury, 
the volumetric contents of one vessel, and the travel of the magnet 
core. When the core is in its highest position all the mercury is in 
one vessel; movement to its lowest position sends all the mercury 
into the other one. 

If a = volumetric contents of one vessel, in cubic inches, and 
J = average pull or pressure due to head (H — h), then the work 
for a complete movement of the core = aJ inch pounds. If t= 
travel of magnet core in inches, the normal magnet pull = a (163) 

Since the degree of regulation is fixed partially by the slope of 
the boxes and not by the normal magnet pull only, the head H 
may be made as small as desired, compatible with quick working, 
thus keeping P within reasonable limits. 

As an example, consider a controller to regulate the load on a 
system, in which the normal generator current is 600 amperes, 
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maximum output, number of cells, battery and generator voltages 
all as given in the general example at the beginning of this chapter; 
Ri, Re each 6000 ohms, maximum exciter field resistance 235.6 
ohms, field current for maximum booster output 0.2257 ampere, 
as in the example just preceding. Assume ¢=.04, 7.e., a regulation 
of 4 per cent, and that the change in the magnet pull due to change 
in position = g = 3 per cent, in moving from its middle position 
to either extreme position. Take the pounds pressure per square 
inch per inch head of mercury as 0.5 and the pounds pressure per 
square inch per inch head of mercury = 0.035. 

The head of mercury required to produce a pressure equal to a 

le 

oe = 0.07 inch. 

Take the mercury head in normal position as 4 inches and the 
glycerine head as 6 inches. 

Glycerine head in terms of mercury head = h = gX .07 = 0.42 
inch. 

Then from equation 162 


S = (4 — 0.42) (2 X .04 + (.04)? + .03) = 0.3985 inch. 


The magnet pull will be based on a total movement of the 
core = 0.6 inch, and the volumetric contents of each box which is 
1.7 cubic inches. This latter quantity is determined from the design 
of the device, depending on the area of the cover necessary to carry 
the requisite number of contact points. The depth of the boxes is 
about 3 inch. Hence cover area X $inch = volumetric contents. 
Normal head = 4 — 0.42 = 3.58 inches = 1.79 lbs. pressure per 
square inch, the pressure of mercury being (approx.) 0.5 Ib. per 
inch head. Inch-pounds = 1.79 X 1.7 = 3.043 inch-lbs. required 
to move mercury from lower to upper vessel. 


Pull = ae = 5.07 lbs. = 81.1 ounces. (Equation 163.) 


Pull for maximum head 


_ (4+ 0.3985 — 0.42) X 0.5 X 1.7 
al 0.6 


Of this, 3% of 5.07 Ibs., or 0.1521 Ib., is due to change in position 
of the magnet core, leaving 5.4829 lbs. due to the flow of current 
through the coil. Since 600 amperes produces a pull of 5.07 Ibs., 
the following proportion results: 


one-inch head of glycerine is 


= 5.635 lbs. 
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600 :V5.07 :: « :V5.483, 
in which x = maximum generator current. 


/5.483 
L= ( a x 600 = 624 amperes, 


or an increase of 4 per cent in the generator current for complete 
movement of the magnet core and mercury from middle position 
to the extreme downward position. ; 

For the so-called “constant current”’ or non-reversible booster, 
only one resistance is used and is connected as shown in Fig. 207. 
The maximum booster voltage is produced when all the resistance 


Fic. 207. Lyndon Booster Control for Non-Reversible Booster. 


is cut out of the field, 7.e., Ri = zero. The minimum voltage is 
that produced when all, or nearly all, the resistance is in circuit 
with the field. In this case, however, the downward movement 
of the magnet produced by increase in external load increases the 
value of Ri, so that the booster voltage falls with augmentation of 
load. Chapter XXXII gives fully the conditions under which 
non-reversible boosters work, and the application of an external 
controller to meet these conditions is simple and will be obvious to 
the student. The small change in head with maximum movement 
of the mercury is maintained by placing the flat vessel at the upper 
end of the tube as shown. The mercury forced into this spreads 
itself over a considerable area and therefore changes its depth, and 
consequently its head, very little. 
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Bijur Booster. 

The principles of the Bijur booster controller are similar to those 
of the Lyndon controller just described. In the former controller 
the contact points are moved to the mercury; in the latter the mer- 
cury is moved to the points. 

This arrangement is illustrated diagrammatically in Fig. 208. 

G is the generator and C a magnet in series with the generator 
circuit having a moving core K which pulls the end of lever D 
downwards. The opposite end of D is fastened to a rock shaft F, 
which rotates through a small angle when the pull of the magnet 
and the opposing pull of spring S are unequal. S has one end 


Fie. 208. Diagram of Connections of Bijur Booster. 


fastened to a short lever H that is fixed on the rock shaft at an 
angle with the axis of the spring. The angle that it makes with 
the axis of the spring is such that the increase or decrease in spring 
tension, due to movement of H, is compensated for by a correspond- 
ing reduction or increase in the lever arm to produce a torque on 
the rock shaft, so that the product of spring tension multiplied by 
lever arm to produce turning is a constant, and the spring will 
produce a constant turning moment on the rock shaft. Attached 
to the rock shaft are the two insulating bars P;, P2, on opposite 
sides of the shaft. Contact points are arranged in stepped relation 
as shown, each group being placed just over a vessel of mercury, 
the two vessels being indicated by My, Mz. 

The contact points, which are made of polished steel, are con- 
nected to divisions of resistances R; and Ry. The booster field is 
connected between the middle point of the battery and the junction 
of R; and R». 

Obviously, if the pull of the magnet is greater than the resisting 
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torque of the spring (with due allowance for the lever arms of 
spring and magnet), the rock shaft will be rotated slightly in a 
counter-clockwise direction, and this will lift some of the points 
P, out of the mercury, and immerse more of the points P; in the 
mercury. This reduces R; and increases Re, with the result that a 
booster voltage is produced to cause discharge. 

If the load is reduced, the turning moment due to the magnet 
pull is less than that produced by the spring, and the rock shaft is 
rotated in the opposite direction with the converse result. 

The standard magnet windings are designed for 100 amperes 
normal current. If the normal generator output exceeds this, a 
shunt is placed round the magnet winding, which shunt is so pro- 
portioned as to take all the normal current in excess of 100 amperes 
up to 500 amperes. If the generator current exceeds 500 amperes, 
a horseshoe magnet placed over a bus bar is used. 

Screw stops are provided which may be adjusted to limit the 
movement of the lever D in either or both directions, thereby limit- 
ing the booster voltage and preventing the charge or discharge of 
the battery at injurious rates. 

A feature of the Bijur regulator is that with a given current 
flow through the magnet, the magnet and spring turning effects 
will be equal and balance each other in any position within the 
range of motion of the instrument. Theoretically, the regulation 
is not a certain percentage of the generator output, depending on 
the value of the external load, but the change in generator current 
is a constant for any external load change, the increase or decrease 
in magnet pull being just enough to overcome the friction of the 
instrument. After starting to move, motion will continue until a 
battery charge or discharge is produced that brings the generator 
load exactly to its normal value. In practice, however, the con- 
troller “overtravels,”’ taking for an instant a greater change in 
current than is necessary to overcome friction, and when a certain 
point is reached, begins to ‘‘retreat’’? and continues to return 
towards its normal position until the point is reached where the 
booster voltage has just the value needed to bring the generator 
current to its constant value. This “overtravel” gives a quick 
booster action, as has before been explained, and improves the 
regulation. ; 

Fig. 209 shows the front and Fig. 210 the rear views of one of 
these regulators with one set of contacts only, and used to con- 
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trol a non-reversible booster. The mercury vessel and contact 
points are clearly seen in Fig. 209. The connecting wires that 
lead from the points to the resistances are bunched together and 
form a cable, which passes through a hole in the switchboard panel 


Fic. 209, Bijur Regulator for Non Reversible Booster, Front View. 


just above the rock shaft. The segmental-shaped cap forms a 
cover for the end of the rock shaft and the bend in the cable. The 
hand wheel shown in Fig. 209 is for the purpose of adjusting the 
spring tension, so that the generator current can be adjusted to 
any desired value by changing the amount of force opposing the 
magnet pull. 

In the rear view, Fig. 210, the rock shaft, cable, magnet, levers 
and other parts are seen. The rock shaft is mounted in a ball-bear- 
ing journal to reduce the friction. The pull of the magnet is about 
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4.5 lbs. and is made constant through a range of 0.75 inch, by 
rounding the end of the core. The spring has its lower end 
hooked in an arm of a bell crank. The hand wheel in front has 
a threaded hole in its hub into which a stud, connected with the 
other arm of the bell crank, is screwed. By turning the hand 


Fic, 210, Bijur Regulator for Non-Reversible Booster, Rear View. 


wheel, the stud moves inward or outward, thereby changing the 
position of the bell crank arms and therefore the tension of the 
spring. 

The division of resistances among points is as has been given in 
the immediatcly preceding description of the Lyndon controller. 
The analysis is also identical, except that the computation of slope 
and mercury head as opposing forces disappear in the Bijur con- 
troller the spring tension taking their place. 

Since the spring tension is constant, 


DP = SH, (164) 
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P being the magnet pull, D its lever arm and SH being the product 
of spring pull by its lever arm at any time. 


SH 
P= Di (165) 
The value of P is fixed by the friction of the moving parts and is 
principally due to the twisting effect that must be exerted on the 
flexible cable. If this is s ounces at the magnet for complete travel 
of the regulator, 


P+) =Stip, (166) 


F being the friction moment of the controller taken at the end of 
the magnet lever. 
The increase in current for any discharge will be 


(1)?:a+ ¢1)?::P:P+s, (167) 
whence s=2¢+ ¢’. (168) 


If it is desired that the increase in generator current shall not exceed 
4 per cent of the normal, and 6 ounces pull at the end of the magnet 
lever are required to overcome the friction of the device plus the 
resistance to bending of the cable, also that the magnet lever arm, 
D, is 5 inches, then 

s=2¢+ ¢?= 2 X .04+ (.04)? = 0.0816 = 8.16 per cent of 

the normal pull. 

Since 8.16% = 6 ounces, 

Normal pull, P = 73.5 ounces, 

PD = SH = 73.5 X 5 = 367.5 ounce-inches. 


In taking the lever arm through which the spring acts, its value 
is the perpendicular distance from axis of spring to center of rock 
shaft and not the length of the spring lever, unless it is set at right 
angles to the spring axis. 

The double resistance regulator tor reversible boosters is shown 
in Fig. 211. This is mounted entirely on the back of the switch- 
board, the whole device being constructed on an iron back plate 
which is attached to the switchboard panel by means of four bolts. 

The rock shaft C carries on it three levers. One, not visible in the 
picture, is connected to tension rod H, another lever G has one end 
of the retracting spring S attached to it by a short link as shown. 
The lower end of the spring is hooked into a link which is fastened 
to one arm of a bell crank, the other bell crank arm B being con- 
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Wig. 211. Bijur Regulator for Reversible Booster. 
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nected by a link to the threaded stud A, which passes through the 
panel. On the front side of the board, a hand wheel having a 
threaded hub works on this stud, and by turning the wheel it is 
obvious that the tension on the spring may be varied. The third 
lever Y, is an aluminum frame which is fixed on the rock shaft, 
extending an equal distance on either side of it, and on each end 
is placed the series of stepped contacts, by means of which the 
resistances R, and R»2 are varied. These contacts are covered 
with aluminum covers M, and Mg, which covers fit over the mer- 
cury vessels P; and Py» respectively. These vessels are carried on 
brackets Q, as shown. 

A small arm projects vertically downward from the rock shaft, 
and works between the adjustable stops d, by means of which the 
range of motion of the regulator, and consequently the battery 
current, is limited. 

The arms carrying the flat springs R, R, are for the purpose of 
preventing oscillations of the instrument when starting its opera- 
tion. These arms are fastened to the auxiliary rock shaft U, 
which, in turn,is moved by a yoke working on the stud W. 
Stud W passes through the panel and has a hand wheel fastened 
to its front end. Movement of this hand wheel will cause the 
arms to swing inwards towards the panel, pressing the springs 
R, R, under the edges of covers Mi, Me, and this holds the regu- 
lator in its middle position. After adjusting the booster and bat- 
tery on the circuit and making ready, the springs are withdrawn 
by the hand wheel, and the regulator begins operation. In start- 
ing the booster, however, and connecting the battery to the line, 
sudden rushes of current will make the regulator jump from full 
short-circuiting of one resistance to full short-circuiting of the other, 
causing current rushes that may throw open the station circuit 
breakers. This occurrence is prevented by the use of the stop 
springs R, R. 

The regulating magnet is a special form for bus bar mounting. 
It consists of a shoe L of wrought iron which surrounds the bus bar 
on two sides and the top, being open at the bottom. The portion 
on the bottom of the bus bar, screwed to the shoe, is made of brass, 
so that the shoe is magnetically discontinuous around the bus bar. 
From the lower right-hand corners of the shoe, project two cylin- 
drical studs K, which are rounded at the end. Over these studs 
moves a piece of iron, M, shaped somewhat like a figure 8, the 
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studs projecting into the holes in M; M is held in position and 
guided in its motion by the hinge joint N, to which it is con- 
nected by the lever hinged at N and bolted to M. The parts 
forming the hinge and lever are of brass, so that they do not offer 
a path for any of the magnetic lines that pass from one side of 
the shoe to the other. Therefore, practically all the lines that 
are set up by the passage of electric current through the bus bar 
pass from one stud across the air gap to M, from M through 
the second air gap to the other stud, thus producing a magnetic 
pull tending to draw the piece M further on to the studs. A tension 
rod H attached to the rock-shaft lever, has its lower end fas- 
tened to M, and the magnet pull is, therefore, opposed by the spring 
tension. 

The movement of the magnet armature M is limited by means 
of an upper and a lower nut threaded on a stud, which stud passes 
through a hole in the armature lever. The set screws having jam 
nuts, shown on the side of the magnet shoe, are for the purpose of 
holding the magnet securely in position, the set screws taking hold 
against the side of the bus bar. 

Fig. 212 shows a complete diagram of connections of the Bijur 
system. The numbers at either end of the resistances 7 and 8 in- 
dicate the positions of the first and 45th contact points. Fuse 29 
is shunted by a resistance 13, which will admit the passage of 
only sufficient current to give maximum exciter field excitation, 
the fuse acting as a protection against accidental short-circuits. 
The booster and exciter are driven by separate motors. 25 isa 
3-pole, single-throw knife switch, which, when closed, connects the 
regulating resistances to the main circuit and the exciter field to 
the middle point of the battery. 17 is a circuit-breaker in the line 
from exciter to booster field. It is shunted by a resistance 12, and 
the arrangement protects the circuit without the possibility of 
interrupting the operation of the booster. 

The ampere meter 5 shows the booster field current. When 
switch 26 is closed, and the 3-pole, double-throw switch 27 is thrown 
to the left, the booster field is connected to the exciter for auto- 
matic regulation, the booster field windings being connected in 
parallel. For hand control on charge or discharge, switch 26 is 
opened and switch 27 closed to the right. This connects the booster 
field windings in series and, by throwing switch 28 to the left, eur- 
rent is conducted directly from the main circuit to the field wind- 
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ings, passing through rheostat 9, the direction of current flow being 
such as to produce a booster charging voltage. If switch 28 be 
thrown to the right the direction of current through the field is re- 
versed, and the booster voltage is in a direction to cause discharge. 
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Fig. 212. Buijur Booster System. 


It is to be noted that the wires from the main circuit to the booster 
fields are connected outside of all circuit breakers, so that if the 
main circuits open, the booster excitation is not destroyed. Circuit 
breakers 15 and 16 are made interlocking, so that if either opens 
the other one will also. This arrangement prevents the booster 
from being connected in circuit when the motor circuit is open. 
The single-pole, double-throw switch 22 connects the booster in 
circuit when thrown downwards, and switch 23 is closed. When 
switch 23 is open and 22 is thrown upwards, the battery is con- 
nected direct to the line, the booster being out of the circuit. 
Ampere meter 4 is a two-way reading instrument, and indicates 
the charge or discharge current. The voltmeter 2 is to show the 
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voltages of the main circuit, the battery, and the booster. The 
wires to the voltmeter switch points are not shown on the diagram, 
but points a, a’ are connected to correspondingly lettered points 
in the main circuit at circuit breaker 15 and switch 23 respectively; 
points b, b’ are connected to the terminals 6, b’ on the switch 19, 
which is a voltmeter switch for the recording voltmeter. These 
terminals b, b’ are connected to the opposite ends of the battery; 


Fia, 213, Westinghouse Booster Controller. 


points c¢, c’ are connected to correspondingly lettered points at 
switches 23 and 22 

Westinghouse Booster. 

Another form of automatic booster regulator is the Westing- 
house. This is a relaying device for controlling the booster 
field. 

Fig. 213 shows the regulator and Fig. 214 is a diagram of ue parts 
and connections, showing its operation. 

The generating system is connected to the left-hand end of the 
bus bars, while the load is connected to the right-hand end. The 
battery in series with the booster is placed across the bus bars 
between the load and the generator as shown. Between the gener- 
ator and the battery is an ordinary meter shunt. Connected to 
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this shunt and in series with a variable resistance, are the control- 
ling wires of the regulator. 

These wires are connected to a movable coil B on the end of an 
arm, which is free to move about pivot T, the coil working 
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Fic. 214. Westinghouse Booster Controller; Diagram of Connections. 


between the pole faces of permanent magnet A. This part of 
the apparatus corresponds to the mechanism of an ordinary indi- 
cating type of ammeter. Opposing the movement of this coil is 
a spiral spring. On one end of the arm supporting the movable 
coil B is acontact C. This makes a connection with another con- 
tact D on a similar moving arm, which latter carries on its opposite 
end coil E, which is connected across the brushes of an exciter 
dynamo Ez, the amount of current flowing through the coil being 
proportional to the exciter voltage. Coil Eis placed between the 
pole faces of a permanent magnet F, so that a pull is produced 
when current passes through it. 

The arm carrying D and E is pivoted at P, and has a spiral 
spring attached to it, which opposes the pull of the coil E. Also 
it has a downwardly projecting piece Q, just below the pivot P, 
to the end of which an equilibrium, coil spring is attached. This 
spring is so set that for zero voltage of the exciter the coil and arm 
will assume a horizontal position, the axis of the projecting piece 
® coinciding with the axis of the spring. Obviously any movement 
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of the lever in either direction from the horizontal will increase 
the tension on the equilibrium spring. ~ 

When contact is made between C and D, the auxiliary circuit 
through magnet winding G is closed, energizing the solenoid G of 
the main relay. This attracts the armature H of the relay, over- 
coming the pull of the opposing spring, and contact is made between 
JandK. With the contact at C and D broken, the spring attached 
to H draws it down, making contact between J and I. 

In series with each of the two equal and opposite fields, F-1 and 
F-2 of the exciter is a fixed resistance FR-1 and FR-2 respec- 
tively. The circuit energizing these fields may be from any con- 
venient source of direct current, a preventive resistance FR-3 
being placed in series with the source of supply. The amount of 
this resistance depends upon the voltage of the supply circuit. 

When the contact J is inits middle position, touching neither I nor 
K, an equal amount of current will flow through the fixed resist- 
ances FR-1 and FR-2 and the corresponding field coils F-1 and 
F-3, and since these coils are wound oppositely, their magnetic 
effects neutralize and zero voltage will be produced at the exciter 
armature. 

If contact is made between J and I, shunting the fixed resistance 
FR-1, more current will then flow through the field coil F-1 than 
through the field coil F-2, so that the exciter will build up its 
voltage in the direction determined by the field coil F-1. When 
the exciter begins to build up its voltage in this direction, the shunt 
field coil F-3 will begin to act, and will continue to build up until 
the exciter reaches maximum voltage unless prevented. If current 
in the field coil F-1 is reduced, the voltage of the exciter will be 
reduced, the current flowing through the exciter shunt coil will be 
diminished and the exciter will tend to demagnetize, its voltage 
returning to zero. 

As the exciter voltage increases in value, the pull produced by 
the coil E increases proportionally, so that it tends to move above 
or below the horizontal, depending upon the direction in which the 
current is flowing in the coil, which is determined by the polarity of 
the exciter. The torque of the coil E is opposed by the equilibrium 
spring, so that for any given voltage of the exciter the contact D 
occupies a certain position above or below the horizontal. 

A vertical arm Y is attached to the lever CB at right angles to 
it and projecting upwards, just above the pivot about which 
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the lever moves. This arm carries an adjustable weight, which 
may be shifted vertically so that the coil B may be made to 
take any position within its range for a given current flowing 
through the coil, which current is proportional to that through the 
line shunt; or it may be so adjusted that the torque required to 
move the coil B will be changed, and therefore the current through 
the shunt to produce movement of B will likewise be changed. 

The operation of the apparatus is as follows: 

If a constant load of 400 amperes is to be maintained on the 
generating circuit, a current of this value passing through the shunt 
will hold the coil B in a horizontal position. Coil E will also be in 
a horizontal position, the exciter voltage will be zero, and the bat- 
tery voltage will be exactly equal to that of the line at point of con- 
nection thereto. Current will neither enter nor flow out of the 
battery, which will be floating on the line. If load increases to 600 
amperes, an increased current will then flow through the shunt and 
thereby increase the current through the coil B. This will produce 
a torque overcoming the spring tension and closing the contacts at 
Cand D. The moment contact is made at C and D the armature 
H will be attracted by solenoid G making contact at J and K. 
This will cause field winding F-2 to preponderate over the field 
winding F-1, which will tend to increase the exciter voltage, and 
which in turn, assisted by the shunt field, will aid in increasing the 
voltage. This will send a current through booster field winding 
FA and produce a booster voltage to cause the battery to discharge 
until the current passing through the shunt drops slightly below 
400 amperes. This reduction, aided by the torque in the coil EH, 
due to the high booster voltage, will break contact at C and D. 
The moment contact is broken at C and D, the spring will cause 
contact to be made at J and K. This will cause the field F-1 
to preponderate over the field F-2 and will tend to reduce the 
booster voltage. The resultant action is that contact will be very 
rapidly made and broken between C and D, and therefore between 
J and K and I, so as to maintain a mean booster voltage to produce 
charge or discharge within very close limits of the desired value. 

In ease it is desired to change the average load carried by the 
generator, this may be done within fixed limits by changing the 
tension of the spiral spring on lever CB, a handle being provided 
for the purpose of increasing or decreasing the tension. 

If a greater change of load is desired than this spring adjust- 


424 STORAGE BATTERY ENGINEERING 


ment can give, the variable resistance in series with coil B is 
changed through as many steps as necessary, which varies the 
current through B for a given current through the shunt. 

The action of this regulator is independent of the drop in voltage 
of the battery due to continued discharge, and it will maintain a 
constant load on the generator, up to the voltage capacity of 
the booster to cause the required discharge or charge. 

With this regulator, the same instrument can be used for any 
size installation, since the current consumed at the contacts is 
exceedingly small, and the effect on voltage, due to the two equal 
and opposite fields, would be only a fraction of that produced 
by the shunt field F-3 in the exciter. This means, then, that 
these two equal and opposite fields simply serve as pilot fields 
to determine the polarity of the booster voltage. 

The analysis of this system differs from that of all the others 
herein described in that the ampere meter relay works on a given 
change in current strength through the shunt, and the percentage 
change in generator output is the same for any external load change 
or condition of the battery. 


Let 
at = ampere-turns required for exciter fields at time of 


maximum booster voltage. 

g = percentage of the exciter field ampere-turns sup- 
plied by the pilot field. 

(1 — g) at = ampere-turns in exciter shunt field. 

t = no. of turns on each pilot field. 

T = no. of turns on shunt field. 

c = amperes in pilot field when either resistance is 
short-circuited. 

Since one field is always in opposition to the other, the current 
through the active field must be equal to that required for exci- 
tation plus that in the counter field. Call the opposing current 7. 
From the characteristics of the exciter and the booster, the net 
ampere-turns necessary to produce g per cent of the total ampere- 
turns in the exciter field when the maximum booster voltage is 
induced = atg, at being the total ampere-turns necessary to pro-_ 
duce full excitation of the exciter when booster delivers maximum 
voltage on regulation. Since c and 7 pass through the same num- 
ber of field-turns, the net ampere-turns of the pilot field are 


atg =t (c—1). (169) 
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If e = volts across either pilot field when the resistance in series 

with it is short-circuited, and E = volts across the line 
R; (c +1) = E—e, 

eee 
~ ett 

Also, when one field is active and the other, counter to it, is tak- 
ing current through the resistance in series therewith, the voltage 
impressed across field and resistance being e, 


whence Rs 


(170) 


é 
eae epee ae 


R, being the value of the resistance and r that of the field. 
Also for the active field, 


a 


Cc =< and re =e. (172) 


Loss through resistances and pilot fields when regulator is in 
normal position is 
W = Et, (173) 
in which 7, is the current to resistance R; and the two pilot fields. 
Since the two pilot fields have equal resistances, and R,; = Raz, 
the resistance of the circuit when neither resistance is short-cir- 
cuited is 


R 
In = mee 


therefore, 
E 


R, +t" 


i = (174) 


The shunt field winding on the exciter is to give (1 —g) at 
ampere-turns. Ifthe maximum exciter voltage = v, then resistance 
per turn is 
v 

7 SP GST TT & 
The number of turns, T, is determined from the efficiency fixed 
on. If the exciting energy due to the shunt field is to be f per cent 
of the exciter output, then total resistance of field is 


Rp = 77’ (176) 


(175) 
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in which I = maximum current delivered by the exciter. Hence 


v 
a eeu! (l—g) at 
T= re si (177). 
(1 —g) at 
: : : : , v 
the size of the wire being such as to give a resistance of (ie aes 


per turn. 


As an example, assume an exciter which for maximum output 
is to have a field excitation of 4000 ampere turns = at. The pilot 
field is to supply 30 per cent of the total, = g. The voltage across 
either exciter pilot field when its resistance is short-circuited to be 
OE Ohi — 

The line voltage, 550, = E. 

_ Exciter voltage with 4000 ampere-turns in the field = 100 volts. 

Current through one pilot field and resistance when other pilot 
field resistance is short-circuited, taken at 0.05 ampere, = 2. 
Number of turns on each pilot field = 6000 = ¢. 

Then the net ampere-turns for pilot fields = 0.30 X 4000 = 
1200 ampere-turns. From equation 169, 6000 (¢ — 0.05) = 1200, 
whence 


ClO; 25rampere, efi 0.95 = 200 ohms. 
550 — 50 : 
R3 = 0.25 + 0.05 = 1666.6 ohms; (equation 170). 
50 


Ri = — 200 = 800 ohms; (equation 171). 


0.05 
The continuous loss through resistances and pilot fields when 
the regulator is in normal position is 
a By = 0.2574 ampere; (equation 174) 
ere g ; (equation e 
1066.6 4 800+ 200 
Loss = 550 X 0.2574 = 141.6 watts. 
Watts in pilot fields (maximum), = 50 (0.25 + 0.05) = 15 watts. 
The high loss is due to the voltage of the line being far greater 
than required for the voltage applied across the exciter pilot fields. 
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If the voltage of the source of supply were 50 volts, and R; removed, 

the loss would be 

* 50 

~ 800 + 200 
2 


14 = 0.1 ampere. 


Loss = 50 X .10 = .5 watts. 
Therefore if the resistance R; be removed, and the pilot field 


current be taken from a group of oa = 30 cells, the system would 


be improved in efficiency. The total ampere-turns on the exciter 


Fic. 215. Westinghouse Booster, Exciter and Motor. 


field are 4000, of which 1 — 0.30 = 70 per cent are to be furnished 
by the shunt winding. 

70% of 4000 = 2800. v = 100. 
— = 0.0357 ohm. 
If per cent of output for shunt field excitation is to be 5% and 
maximum current = 12 amperes, 


Resistance per turn = 


100 


Resistance total of shunt field = xi27 166.6 ohms. 


2800 


05 x 12 


= 4666 turns. 
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Fig. 215 shows a booster set with exciter adapted to be controlled 
by the device just described. This picture is typical of sets of this 
kind for regulation by external control. The tendency is, however, 
to use two separate motors, one to drive the booster and one for 
the exciter, and thus divide the set into two parts, as has been 
mentioned before. 


Notes: Since this chapter was written, the Westinghouse and General 
Storage Battery companies have been absorbed by the Electric Storage Bat- 
tery Company, and the Westinghouse and Bijur Booster systems are now 
owned by that company, 


CHAPTER XXXV. 
CURRENT SUPPLY FOR BOOSTER MOTORS. 


In the discussions of various booster systems which have been 
given, it has been assumed that the battery output on discharge, 
at any time, is equal to the difference between the generator cur- 
rent and the current delivered to the line, while the battery input 
has been taken as generator current minus the line current. Ex- 
pressed mathematically the assumption is: Battery current = 
I, — Io, Ix being total line current and I, the generator current. 
When I, = 0, battery current = — Io, which signifies that the 
battery current is equal to that from the generator, and the dis- 
charge is negative, or charge takes place. 

This assumption is incorrect in that it does not include the cur- 
rent required to drive the booster motor, and all computations 
heretofore given must be corrected for this additional load. This 
factor was neglected in the discussions of boosters in order to sim- 
plify the theories of the various types described. 

Reversible Booster. 

The energy to the booster motor to cover the continuous free 
running losses, that is, when the booster voltage is zero, and the 
motor and booster armatures are running, appears as an addition 
to the average load on the generator and should be added to Iy to 
obtain its true value. This will usually approximate 10 per cent of 
the motor capacity plus 3 per cent of the booster capacity, depend- 
ing on the efficiencies of the machines. When Ix differs from Io 
and current goes either into or out of the battery, there is a load 
imposed on the motor which must be furnished by current from 
the battery, which current is additional to that supplied by the bat- 
tery to the external load. The true value of Ix, then, is the sum 
of external load plus booster motor load. 


If V = booster voltage at any time, 
F = battery amperes to external load = (Ix — I), 
E, = Line or motor voltage, 


pi = efficiency of booster, 
429 
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2 = efficiency of motor, 

I, = battery current to motor, 

Booster load = V X total battery current. 
On discharge, 

Total battery current = F + Is. 


Hence 
Booster toad = V (F + I,). (178) 
Motor energy input = Le a . (179) 
V (=. I) 
=], = =——_— ~~: 180 
Motor amperes Cork bs (180) 
Putting Eo X pi X po = Z, 
Zi,= V (+I): (181) 
Whence 
VF 
I, = Vie (182) 
On charge, 
Total battery current = F—I, and I; = rey (183) 


These equations are used to compute I, for extreme condition of 
battery charge or discharge, where V is known. However, V 
depends for its value on the battery current, and the more general 
formula is found by substituting for V in equation 181 its value, 
which, for discharge, is the battery resistance multiplied by the 
total battery current, or 
V=R(,+ F). 
The equation becomes 
L24= RU. + F)*. 

Solving for Is, 


Z Z 3 


This equation apparently gives two values of I,. The greater 
value is not, however, a practicable one in booster work, and the 
negative sign before the radical should be used to compute the 
motor current. 


Z Z 2 
For charge, I, = op F — Vat F) — F?, (185) 
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As an example of the correction to be made in booster computa- 
tions, take the general example given in the first portion of the 
previous chapter in which I) = 600 amperes. If an increase of 
5 per cent in generator current is allowed on maximum load, 


I) = 630 amperes. Ix sax = 1800 amperes. 


The battery current to the line for Ix wax is 1800 — 630 = 1170. 
For minimum battery voltage of 1.65 volts per cell on discharge 
the booster voltage = 118 volts. If the line voltage = 550 and the 
efficienzy of booster and motor on full load are each 90 per cent, 
then Z = 550 X .90 X .90 = 445.5. 

From equation 182, motor current is 


Belin ail70 
~ 445.5 — 118 


The actual maximum station output then is 1800 + 421.5 = 2221.5 
amperes, and the battery discharge is 1170 4+ 421.5 = 1591.5 
amperes. This means that the current-carrying capacity of the 
booster must be increased in the ratio of 1170 to 1591.5 and the 
size of the battery must be such as to give a discharge of 1600 
amperes without falling below 1.65 volts per cell. This is, of 
course, an extreme condition, but one that may often be reached. 
This is a point that should never be neglected, as its omission will 
inevitably lead to the installation of a battery too small for the 
intended service. Instances have been known where the battery 
has been so much too small that an increase in external load would 
cause the battery to discharge, but the current discharged was just 
about enough to supply the motor, so that the industrious regulat- 
ing efforts of battery, motor and booster had no effect on the 
external load and the fluctuations it caused on the generating 
apparatus. This failure to regulate is usually accompanied by low 
efficiency of booster and motor. 

If the battery is fairly well charged and the internal resistance, 
R, has a normal value of say .025, the motor current for an output 
to line of 1500 amperes will be, from equation 184, 


ils = 421.5 amperes. 


445.5 FON ete ws 445.5 )'- 2 
io Fea aie (1500 — 600) + / (5 x 0.025 900} — 900 
= 51 amperes. 


Total battery discharge = 951 amperes instead of 900. 
The increase in generator current with a good regulating booster 
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will be so small in this case as to be negligible. Therefore the gen- 
erator output is taken at its normal value of 600 amperes. 

Non-reversible Booster. 

In the case of the non-reversible booster there is no increase, but, 
on the contrary, a decrease in motor current with increase in exter- 
nal load. This is due to the diminution in booster voltage at the 
time of discharge. 

The booster energy at normal external load is IpV, in which V = 
booster voltage, being usually about 0.15 eN. Since the generator 
must supply all the energy under normal conditions, the normal 
generator current is 


ToV 
lo= Ty = To(1 + 7) (187) 
For increase in external load, if ¢ = percentage regulation, 
V 
ld +9) =L+9)(1 +7}, (188) 


which is the total generator current on discharge. The current 
taken by the motor on discharge is 


I, (1 + 4) “ (189) 


V, being the booster voltage for discharge. 
Current to line from generator = total generator current minus 
current to motor, or 


Sik ene ete gehen (7): (190) 


Current to line from battery = Ix — le. (191) 
For condition of Ix < Io, and charge taking place, total generator 
current is 


ie el eee (1 a z) (192) 


and current to battery is total generator current minus current to 
motor, and to external load, or 


Ino = Te (1-$) -In (1-4) 2-1, (193) 


in which V2 = booster voltage on charge. 

Example: A 110-volt system having an average load on external 
circuit of 100 amperes, maximum load 300 amperes, minimum load 
10 amperes: 
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Minimum battery voltage 112 volts when cells are at 1.75 volts 
each Nas a = 64 cells. Maximum regulating battery volt- 
age at 2.3 volts per cell = 64 X 2.3 = 147 volts. 

Range of voltage through which power bus bars work = 147 — 
112 = 35 volts. 

Normal booster voltage = 2 = 17.5 volts = V. 

Vi = 112 — 110 = 2 volts and V2 = 147 — 110 = 37 volts. 

Take combined efficiency of booster and motor at 76 per cent. 
Then Z = 110 X 0.76 = 83.6. 

Normal generator current Ig = 100 (1 a ae) = 120.9 amperes 
(equation 187). 

Take ¢ = 5 per cent. 

For maximum external load = 300 amperes the generator cur- 
rent, Ip., to line is 

120.9 * 1.05 — 120.9 K 1.05 Xk — = 123.5 amperes. 

Current from battery = 300 — 123.5 = 176.5 amperes, which 
is its maximum discharge rate for this condition. 

For charge, generator current = 100 (0.95) (1.209) = 114.8 am- 


peres. 
Current to battery, taking I, as its minimum value of 10, is 
BY 
114.8 — 114.8 X 336 10 = 54.1 amperes. 


If the battery is fairly well charged, it will receive maximum charge 
and deliver maximum discharge with less change in booster volt- 
age than the extreme values given above, in which case both the 
charge and discharge rates will be higher, the motor taking less 
current on charge and more on discharge than under extreme con- 
ditions. 

To find the maxima, substitute the proper values of V; and V2 
in the equations. V will remain unchanged. V; = KE, — €N, and 
V. = «N — Ey, € being the volts per cell for any condition and 
E, = normal battery voltage. 


CHAPTER XXXVI. 
THE DESIGN AND SELECTION OF BOOSTERS. 


Tur character of booster best suited to the conditions under 
which it is to work depends on 
(1) Average load. 
(2) Maximum load. 
(3) Minimum load. 
(4) Character of service. 
(5) Change in the average load throughout the day. 
(6) Changes in the ‘average load with season of the year. 

The booster must be designed to take care of the maximum bat- 
tery discharge for any period during the year. 

In systems on which the maximum demand is great but fluctuat- 
ing, and the average demand small, the non-reversible booster is 
most suitable, if a reduction in line voltage at time of heaviest 
load is allowable, as it carries only the average current. 

Where the average demand is large, and the maximum is not 
very much greater than the average, one of the types of booster 
which is in series with the battery should be used. 

In general, separately excited or externally controlled boosters 
are the lowest in cost and give the best regulation. 

Where the average demand changes frequently during the day, 
as in electric railway and office building plants, the system must be 
capable of being easily and quickly adjusted to meet the changed 
load demand. Where the booster motor is subjected to consider- 
able variation in the supply voltage it should be designed to work 
below the “knee” of the magnetization curve, so that an increase 
or decrease of voltage at the armature is attended by a correspond- 
ing decrease or increase in field excitation, otherwise the speed of 
the motor will vary and the boosters and regulators will tend to 
“hunt.” The resulting current oscillations may throw open the 
circuit breakers at a time when even a momentary interruption of 
service would be an annoyance. This condition may occasionally 


happen in rolling mills by reason of drop in steam pressure on the 
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boilers due to sudden heavy demand for steam at the roll engines, 
resulting in a momentarily lower speed of the generator engines. 
Automatic boosters must be wound on frames which are made of 
good quality of steel or soft iron if reasonable regulation is desired. 
Fields and poles having high remanence will make asluggish booster. 
The reason for this is evident when the hysteresis factor is consid- 
ered. Refer to Fig. 216, which is a hysteresis loop. Starting from 
the point zero, the booster voltage will rise with the load. When 
the maximum is reached and the external load falls off, reducing 
to the normal, and giving zero excitation there is still a voltage 


Fic, 216. Hysteresis Curve. 


tending to discharge, since there is magnetization equal to OC left 
in the fields which is generating a discharging E.M.F. The booster 
voltage does not drop to zero until the load has fallen off below 
the normal, and with a reverse excitation from O to I the battery 
is still discharging, though the load be less than normal. When 
the maximum on the opposite side is reached, and the load begins 
to increase, the reverse action takes place. When the load rises 
again to normal, battery charge still continues, and from O to A 
the battery is charging, though the load is in excess of the normal. 
This trouble does not affect non-reversing boosters, which always 
work well up above zero of the magnetization curve. The fore- 
going applies only to those boosters which reverse, their wT AR 
ization continually passing through zero. 

While the voltage proceeding from this remanence is very small, 
it must remembered that at normal voltage of battery and line 
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and normal load a very small booster voltage will cause a heavy 
charge or discharge. 

Boosters having laminated field poles respond more quickly to 
voltage changes than will those with solid poles, and should be so 
constructed unless a system of control having considerable over- 
travel is used. With overtravel, 7.e., an initial application to the 
booster field winding of a voltage in excess of that required for regu- 
lation, solid field poles can be forced to respond quickly to changes 
in the field excitation. 

As has been previously mentioned, boosters must frequently pass 
currents of great magnitude when the booster voltage is low, partic- 
ularly in the case of non-reversible or “constant-current”’ boosters. 
It therefore is advisable to use commutating poles or a compensat- 
ing winding of the Ryan type on the field frame. The size of a 
reversible, regulating booster is fixed by only two factors, namely, 
the space to accommodate field windings that will produce the 
required maximum armature voltage, and the ability to commutate 
the maximum current through the armature. The question of 
heating under load is not a factor, because the heavy loads are only 
of momentary duration. To keep down the size of the booster 
and yet have it commutate heavy currents at low voltages, it is 
necessary to use interpoles or a compensating winding. Boost- 
ers of these types are in service which regulate on loads that 
require the frequent passage through them of currents five or six 
times as great as the normal continuous capacity of the machine. 
In case such form of machine is used, its normal capacity may be 
only 20 or 25 per cent of the maximum current flow through it, 
instead of the 40 per cent assumed in the preceding discussions. 
A further advantage of machines having commutating windings 
is the abnormally small field energy required for excitation. As is 
well understood by designers of direct-current dynamo-electric 
machinery, a long air gap is necessary to prevent the distortion of 
the magnetic field by armature reaction and consequent sparking 
at the commutator, and the energy for excitation is proportional to 
the length of the air gap. Obviously, if the machine be provided 
with some auxiliary device whereby armature reaction is neutral- 
ized, the length of the air gap may be reduced so that it is only 
great enough for mechanical clearance, and the exciting energy 
will be correspondingly diminished. 

Many boosters of this type are in operation which require one- 
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half of one per cent of their output or less for field excitation. This 
applies to machines of 50 K.W. capacity and above. 

This means not only that the constant losses in the booster are 
less than in the ordinary form of machine, but, that much larger 
boosters may have their fields directly controlled from an auto- 
matic regulator without interposing an exciter, thereby eliminating 
an additional machine with its driving motor, switches and con- 
nections, and the losses and time lag due to it. 

With regulators that will deliver 400 watts, an 80-K.W. booster 
can be regulated directly from the regulator, and if this capacity 
be 25 per cent of the maximum output, it means that the booster 
has a regulating capacity of 320 K.W. 

The most efficient form of regulator is one using a bus bar shoe 
as a magnet, as there is practically no energy loss, while in a 
magnet winding or a shunt carrying heavy currents there may be 
an appreciable I*?R loss. 

All energy used in auxiliary apparatus is lost, except in the case 
of the booster itself, where most of the energy of the motor is given 
back to the system. Therefore the auxiliaries must be designed 
to absorb as little energy as possible; heavy shunts and contin- 
uously working motors should be avoided excepting of course the 
booster and exciter motors. 

Whether a single unit of motor, booster and exciter is preferable 
to driving the booster with one motor and the exciter with a sepa- 
rate motor, depends on conditions; usually the two separate units 
are cheaper and more efficient. When the exciter is mounted on 
the shaft with the booster, it must run at a very low speed for a 
machine with a small output. This is illustrated in the general 
example given in the first part of Chapter XXXIV. An 80-K.W. 
booster requires an exciter of 1200 watts capacity on the basis of 
1.5 per cent of the booster output for excitation. Ifa compensated 
winding booster were used taking 0.5 per cent, the exciter output 
would be 400 watts. If either of these exciters be run at the speed 
of an 80-K.W. machine, instead of the speed suitable for very 
small machines, a much larger frame would be required for them, 
increasing the cost, the energy for their excitation and the con- 
tinuous losses. 

Since boosters usually carry heavy currents at low voltages, the 
commutator and brush surfaces necessary are often much larger 
than in the case of standard dynamos. In order to make use of 
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standard commutator segments to keep the length of the brush 
holders down to standard and keep the commutator speed within 
the limits of good practice, double commutators are sometimes 
used. These are placed one on either side of the armature, and 
are connected in parallel or series, as required. 

This arrangement permits of a reduction in the size of the booster 
for the reason that the maximum voltage is usually fixed by the 
battery voltage when it is being ‘‘boiled” or overcharged. On 
overcharge, however, only a small current is desired, so, on such 
occasions the two commutators may be connected in series and a 


Fig. 217. Switch to Connect Commutators in Series or Parallel. 


lower voltage — and consequently smaller — booster may serve. 
In addition to the reduction in size of the booster which is affected 
by the double commutator machine, the efficiency is markedly 
increased. The efficiency of a booster which works under widely 
varying loads would be very small if it were not for the fact that 
the voltage of the machine also varies, and the efficiency is very 
similar at different loads to that of a series wound dynamo. Since 
the principal losses in small machines of this type are the iron losses, 
it is desirable to make them as small as possible, which is effected 
by the double winding and commutators. 

The leads from the brushes are carried to a double-pole, double- 
throw switch, which when thrown upwards connects the two com- 
mutators in parallel and when thrown downwards connects them 
in series. 

This arrangement isshown in Fig 217. B, and Bz are the booster 
commutators, M is the switch, one terminal being blank. The 
connections are obvious from the diagram. 


CHAPTER XXXVII. 


COMPOUNDING BOOSTER-CONTROLLED 
POWER PLANTS. 


Aut the booster systems described in the preceding chapters are 
designed either to maintain the bus bar voltage constant or allow 
it to diminish with increase in external load. 

In railway systems and plants of a like character it is desirable 
to have the voltage increase with increase in load. This requires 
a special arrangement with boosters and batteries, as the function 
of the battery is to maintain a constant load on the generator. 


a 

SS 

—— 
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Fic. 218. Connections for Compounding Generator and Booster, 


The method of arranging for voltage increase with load is as indi- 
cated in Fig. 218. G is the generator armature, having the shunt 
field f, and a series field S. Cis the controller magnet winding in 
series with the generator current. B is the booster armature in 
series with the battery. S, is aseries field on the booster. fy is the 
controller-regulated field. S, gives an excitation in the same 
direction as that of current flow. The controller gives a proper 
excitation to field fs, so that the resultant magnetization of the two 
fields produces the required booster voltage. 

The path of the current is from generator positive brush through 
C to junction point A. If the external load is less than the normal 
generator current, charge is sent into the battery, and part of the 
generator current goes through the booster field Sz, assisting f, to 


produce a charging voltage. Another part of the generator current 
439 
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goes from A through S and out to the line, supplying the external 
load MM. Since the generator field winding, §, is in series with 
the external load, the generator voltage will rise and fall with load 
changes. The series winding, Sz, carries a current that is pro- 
portional to the change in external load, hence the voltage due to 
this series coil will also rise and fall with change in the load. The 
winding fs produces the booster voltage required to compensate for 
change in the pressure at the battery terminals, due to rate of charge 
discharge or to state of charge. The regulator must be controlled 
by a magnet, or other electrically energized device, which is respon- 
sive to both voltage and current, and not to current only as is usual 
with ordinary forms of booster controllers. Obviously if the gen- 
erator current be kept constant, the generator energy output will 
fluctuate with variations in external load due to the voltage changes. 
For constant generator load, the current must decrease with in- 
crease in external load. This is produced by a voltage coil on the 
regulator. This coil is not shown in the figure. It is simply a 
winding around the magnet core, which is connected across the 
line. The pull it produces varies with the line voltage. 
As an example consider a case in which 
Normal generator output = 250 K.W. 
Maximum output to line = 750 K.W. 
Generator voltage no load = 500 volts = E. 
Generator voltage maximum load = 600 volts = E + Ih. 
Percentage increase in generator output on maximum load = 
5 per cent = ¢. 
Increase in generator voltage per ampere through the series field 
of generator and series field of booster = .08 volt = h. 
To find the current and voltage at normal load: 


Watts =W= 1 (E+ Ih). 


But since at normal load Ip = Ix, the equation becomes 


W = 1, (E+ Ih). (195) 
/E\ WE 
Solving, Ip) = vi) “= * sy ee (196) 
{ 500 \? , 250,000 500 
Hence Ip = vV(s N 73) } - Tinie RRS a 465 amperes. 


Generator voltage at normal load, then, is 500 + 465 x .08 = 
537.4 volts. 
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For this condition the booster voltage is zero, and number of cells 
537.4 
= N= Foie 256. 
For increase of load to 750 K.W., the generator output will be 
200 (1 +-..05) = 262.5 K.W. 


Total external current is, (from equation 196), 


x 500 \? , 750,000 500 _ 
= V5 x OH) es oie 


Voltage of system = 500 + 1250 X .08 = 600 volts. 

Generator current is that necessary to give 262.5 K.W. at 600 
volts = =e = 437.5 amperes. 

The booster voltage proceeds from two sources, one being the 
winding controlled by the regulator which produces a voltage in 
the direction of discharge, equal to the drop in battery voltage, and 
the other is that produced by the booster series field. The regula- 
tor field f, is designed just as if the booster were to work on a con- 
stant potential circuit, as set forth in preceding chapters. The 
value of h for the series field is obviously the same as for the genera- 
tor series field, being in this case .08 volt per ampere. The increase 
in booster voltage above that required to compensate for the drop 
in battery voltage, and due to Sz, is 600 —537.4= 62.6 volts, and this 
is produced by a field current of 1250 — 487.5 = 812.5 amperes. 

If the volts per ampere-turn on the field = .02, the ampere- 


turns necessary to produce 62.6 volts = oS = 3130, and the 
. 3130 
number of series turns, T, on the booster field = 8195 3.85, or, 


say, 4 turns. The number of series turns on the generator field 
would be the same as the number on the booster field if each 
machine gives the same voltage per field ampere-turn. . The volt- 
age due to the series winding is added to the generator well above 
the knee of the magnetization curve, however, and it is probable 
that the generator volts per ampere-turn would be only .0125. The 
ampere-turns required to give an increase of 600 — 500 = 100 volts 


es 8000, and since this is produced by 1250 amperes, 


.0125 
8000 
the number of turns on the generator field = 1250 > 6.4 turns. 


would be 
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On charge, if the external current be zero, and the generator 
field excitation be such as to give 500 volts at no load, the genera- 
tor voltage will fall below 500 volts because there will be no series 
field, and the machine will act as a shunt dynamo, its voltage 
falling with increase in current to the battery. The voltage and 
current for this condition are found as follows. 

Allowing 5 per cent reduction in the energy output of the gener- 
ator for zero external load, the generator watts are 250,000 — 5% 
= 237,500 watts. 

The equation for the load and voltage is 

Watts = W= I1(E — Ih), (197) 

h, being the drop in voltage per ampere delivered by the dynamo, 
when no current flows through its series winding. 
E [/E\? WwW 
Solving, L= zh, ae Vi Ga aa 


om (198) 


The positive sign before the radical cannot be used, as it gives values 
beyond the possibilities of the conditions. The negative sign 
therefore is the proper one to take. 

For this case, if the generator voltage drop is approximately .08 
volt per ampere, 


500 \/ 500\? 237,500 _ 
[= 0.16 (sa) pena wn 516 amperes. 


The actual value of h; must be taken from the characteristic of the 
dynamo. 

Generator and line voltage = 500 — 516 X .08 = 459 volts. 

Assuming the maximum condition of 2.4 volts per cell, the bat- 
tery voltage = 256 X 2.4 = 614 volts. 

Booster volts = 614 — 459 = 155 volts. 

Voltage due to booster series coil = 516 X .08 = 41 volts. 

Therefore the regulator field winding must add 155 — 41 = 94 
volts. 

All the quantities are subject to correction for current used by 
booster driving motor, as set forth in Chapter XXXV. Also all 
the preceding computations are based on the assumption of straight 
characteristics which do not exist in practice. Therefore the fac- 
tors, h and h; must be taken for extreme conditions at the points 
on the characteristics of dynamo and booster corresponding to the 
conditions assumed. Thus in the previous case, if 600 volts are 
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required on full load and the generator characteristic shows that 
9600 ampere-turns in addition to the shunt turns are required, the 
series turns on the generator will be sp = 7.2 turns. In practice 
this should be made 8 or 9 turns and the series winding then shunted — 
to give the required voltage at the given output. 

If the energy fluctuations produced by the voltage changes are 
to be taken by the generator, the controller will have only the 
single series winding as show in Fig. 218. In this case, the gen- 
erator current will be IL; —I1(1+ ¢) on discharge, and Ix — Ip (1— ¢) 
on charge. 


CHAPTER XXXVIII. 
ADJUSTERS OF GENERATOR OUTPUT. 


Tue booster systems which have been described are designed to 
maintain a practically constant generator output regardless of the 
fluctuations and changes in the external load demand. The gen- 
erator load is fixed at the average value of the external load, and in 
this way the amount of energy put in to the battery on charge is 
equal to that taken out on discharge. In power stations, how- 
ever, the average load at different periods of the day varies 
greatly, and unless the booster controller is adjusted from hour 
to hour, the battery must receive as charge and give out on dis- 
charge at any time the difference between the average of the 
24-hour load and the external load. This means that the battery 
would have to do much more work than if the adjustment were 
made during the day to give a generator output equal to the 
average of the external load for each short period of time. There 
would be intervals during which the battery would not only be 
taking up the load fluctuations but also receiving a continuous 
net charge, and other intervals when it would give a continuous 
net discharge. A battery working under such conditions would 
therefore have to be larger than if it only compensated for load 
fluctuations. 

Consider Figs. 219 and 220. In each of the figures A is the 
graphic representation of external load, B is the load delivered by 
the generator, and C is the current to or from the battery. The 
ordinates of all three curves are for the same times or instants. 
Considering battery charge as negative, the sum of the battery and 
generator currents at any instant, is equal to the external load. 

The curves in Fig. 219 are for a fixed average generator output, 
while those in Fig. 220 are for a variable average generator output, 
the generator load being changed at intervals to correspond with 
the value of the average external load over a short period of time. 
A study of these curves shows that where the average load is main- 


tained constant, the ampere hours and the duration of charge and 
444 
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.) 
discharge greatly exceed the corresponding quantities when the 
generator load is set for values at or near the average of the exter- 
nal demand. The magnitude of the fluctuations above and below 
the average, and which are equalized by the battery, do not differ 
appreciably in the two sets of curves, and the rate of battery dis- 
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Fic. 219, Load Curves without Average Adjuster, 


charge rises as high as 1100 amperes in both cases. The areas 
above and below the zero line in curves C, and which are propor- 
tional to the ampere hours put into or taken from the battery, are 
much greater in the case of the fixed generator average. 

It has been usual to have the station attendants manually 
change the adjustment of the controllers at different periods dur- 
ing the day, the means of adjustment being as set forth in the pre- 
ceding descriptions of the various systems. 

R. C. Hull and J. L. Woodbridge have devised automatic adjus- 
ters * arranged to work in connection with any regulator which is 


* Amer, Pats. Nos. 895760, 895825 and 964830, 
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provided with an adjusting shaft or screw or which may have its 
normal current regulated by a shunt. The present form in use 
consists of a small motor having its armature geared to the 
adjusting screw of the regulator, and connected across the booster 
armature so that the adjuster motor armature has impressed on 
it at any time a voltage equal to and in the same direction as 
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Fic. 220. Load Curves with Average Adjuster. 


that of the booster. The motor field is shunt-wound and is con- 
nected across the line, the excitation being constant. The adjuster 
motor armature, therefore, rotates at a velocity and in a direction 
fixed by the booster voltage. The gearing between the adjuster 
motor armature and the adjusting screw is such that the rotation 
of the armature tends to reduce the current to or from the bat- 
tery. Thus, if a heavy external load is suddenly imposed on 
the system, the booster regulator will produce a booster voltage 
such that the battery will supply the excess above the average 
generator current for which the regulator is set. This booster 
voltage causes the adjuster motor to start, and its rotation, com- 
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municated to the adjusting screw, acts on the regulator to increase 
slowly the generator output. If the heavy external load is mo- 
mentary only, the movement of the adjusting screw will be very 
small and the generator current will not be substantially increased. 
If however the external load continues to exceed the generator 
output for several minutes, the average adjuster will continue to 
move until the generator output is increased to a new value, which 


Fic. 221. Average Adjuster, Diagram of Connections. 


is the average with respect to the new conditions. The battery 
therefore will take the rapid fluctuations, but the sustained 
changes will be gradually transferred to the generator. 

The connections of this device are shown diagrammatically in 
Fig. 221. B is the booster armature, A the adjuster motor arma- 
ture, f the motor field, D the motor armature shaft, w a worm 
meshing with the worm wheel, G, on screw shaft P. The field is 
connected across the line, rheostat R being in series with it. N is 
a nut working on P which moves along the screw shaft, its motion 
changing the adjustment of the regulator spring or shunt. L is 
a limit switch in series with the circuit from the booster brushes 
to the motor brushes. Switch L normally short circuits the 
aluminum cell C, so that current may pass to the armature A in 
either direction. When the switch is open, current can pass to 
the armature in one direction only, due to the well-known property 
of an aluminum cell of allowing current to flow through it in one 
direction but not in the opposite direction. Therefore, when L is 
opened by the projection fA on the nut striking against it, the limit 
of travel in that direction isreached. Current, however, may pass 
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to the armature in the opposite direction and cause the nut N to 
move upwards. The switch L then is automatically closed by 
spring 8. This switch is for the purpose of preventing any further 


augmentation of the generator load when it has been increased up 
to its maximum safe continuous output. Above this limit, the 
battery will take not only the rapid fluctuations but any sustained 
peaks also. Figs. 222 and 223 show this device working in con- 
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nection with a carbon pile regulator, Fig. 222 showing the regu- 
lating motor on a bracket just below the regulator, and Fig. 223 
showing the end of the motor shaft carrying a worm which meshes 
with a worm wheel on a short shaft, set at an angle to the vertical. 
On this second shaft is a small pinion (not visible) which meshes 


Fic. 223. Entz Controller with Average Adjuster, Rear View. 


with teeth on the periphery of the large gear wheel which appears 
as a disc in the picture. This gear wheel is mounted on the screw 
shaft of the carbon regulator and is the same shaft as that on 
which the hand wheel seen in Fig. 222 is fastened. Movement 
of this shaft will change the spring tension and therefore the cur- 
rent through the regulator, as has been previously described in. 
Chapter XXXITI, 


CHAPTER XXXIX. 
RHEOSTATS. 


RueEostats and variable resistances are used for booster field 
regulation and for controlling charge and discharge of small bat- 
tery equipments, as has been described in preceding chapters. 
The variable resistances for controlling battery currents and volt- 
ages, are made in the form of ordinary rheostats having a moving 
arm and contact points over which it travels, as shown in Fig. 225. 

In the case of resistances to carry heavy currents, these are 
usually made with the resistance units located in some convenient 


Fic. 225. Connections for Series Rheostat. 


place, with connecting leads from the resistances to the proper 
contact points. 

As a practical example of the calculation of rheostats for battery 
control, assume a storage battery which discharges on a lighting 
load until the pressure per cell falls to 1.8 volts, the normal pres- 
sure of the line to be maintained by rheostatie regulation for all 
conditions of battery charge above 1.8 volts per cell. 

Line pressure = 110 volts. 


110 
No. of cells = Tae 61. 
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Voltage fully charged = 2.1 X 61 = 128.1. 

Maximum drop through rheostat = 128 — 110 = 18 volts. 

Allow a change in voltage of 2 volts per step. 

Maximum current = 100 amperes. 

Minimum current = 10 amperes. 

The resistances of the first sections must each give 2 volts drop 
with 100 amperes flowing. Resistance per section therefore = 
té0 = 0.02 ohm. Resistance total for 100 amperes, 18 volts 
drop = 0.18 ohm. Number of sections to carry 100 amperes and 
give 0.02 volt change of drop in movement from one section to the 
next one = as = 9 steps. If the current just below the maxi- 
mum is 90 amperes, the total resistance necessary to give 18 volts 
drop = $§ = 0.20. The resistance of the sections for 100 amperes _ 
is 0.18. Therefore the additional resistance which must be added 
to obtain 0.20 ohm = 0.20 — 0.18 = 0.02 ohm. 

The volts drop per contact = 2 volts. | 

Resistance per contact = 35 = 0.022 ohm. 

Number of contacts = "ea = 1.1, or one contact of 0.022 ohm. 

Similarly for 80 amperes discharge the total resistance = }8 = 
0.222 ohm. 

Resistance to be added to previous computation = 0.222 — 0.20 
= 0.022. 

Resistance per contact = 25 = 0.025 ohm. 

No. of contacts = a = 1 contact of 0.025 ohm. 

In a like manner the other sections are computed. The total 
resistance R is }8 = 1.8 ohms. For the last steps, the resistance 
per step is ~ =0.2 ohm. The resistance of the immediately pre- 
ceding series, carrying 20 amperes, is }5 = 0.9. Therefore resist- 
ance of last series of sections = 1.8 — 0.9 = 0.9. 

Number of steps in last series = o3 = 4.5, which gives either 
5 steps of 0.18 ohm each or 4 steps of 0.225 ohm each. 

From the foregoing it may be seen that the practical computa- 
tion of resistance sections for a rheostat is an approximation only. 

The heat loss = EI. This is a maximum when I = 100 and 
E = 18, and is 1800 watts. 

The rheostats used for booster regulation are sometimes con- 
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nected differently from the usual dynamo and motor regulating 
rheostat. The reason lies in the necessity of often impressing 
voltages across booster fields of from maximum to zero, and some- 
times to a maximum in an opposite direction. 

Fig. 225 shows the ordinary method of connecting rheostats. 
F is the coil or field across which the voltage must be varied. 
The other connections are obvious. 


Fic. 226. Connections for Potentiometer Rheostat. 


If the contact arm be moved in to the last contact 1, there 

is still a current flow through F, equal to a ,in which R= 
R + Ry 

resistance of the rheostat, Ri that of the field coil F, and E the volts 
between the mains. Therefore, it is clearly impossible to reduce 
the voltage to zero with this form of rheostat, and even to ap- 
proach it without breaking the circuit requires the resistance be 
very great. 
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Fig. 226 shows a method much used for connecting booster 
rheostats. In this case the resistance coils are connected across 
the line, and the voltage impressed on F for any movement of the 
arm is equal to the drop through that portion of the rheostat in- 
cluded in the circuit, and when the arm is on point 1 the voltage 
across F is zero. 
A form of rheostat devised by the author* and shown in Fig. 227, 
has the advantage of permitting zero voltage to be attained and, 


Fic. 227. Connections for Combination Rheostat. 


at the same time, preventing the continuous energy loss which 
takes place across the rheostat coils when the form just described 
is used, whether the booster be in service or not. 

The resistance connections do not differ from those of the ordi- 
nary rheostat except that one of the resistance coils is left out and 
two adjacent contacts are joined together. C and C; are short 
copper segments which are connected together by a contact plate 
on the under side of A. 

When A is in the position shown by the full lines, the action and 
connections are exactly as in Fig. 226 and when A is on contact 1 


* Amer. Pat. No. 754660. 
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the potential across F is zero. When A moves off 3 on to 4, the 
connection across the line, through the resistance coils, is opened, 
and the rheostat connections become as shown in Fig. 225. In pass- 
ing from 3 to 4, less current flows through the coils from 4 to 7, 


Z Y 
<i 
aD 
Fle 
SS 
Fia. 228. Reversing Rheostat. 


because the circuit through coils 1 to 3 is opened and a higher 
voltage is impressed on F, so that no coil is necessary between 
3 and 4, as the volts across F increase from opening the circuit 
between 1 and C,. 

When it is desirable both to reverse the direction of current flow 
in the booster field as well as to vary its potential, the rheostat just 
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described, used with an ordinary reversing switch, will suffice, 
though reversing rheostats are often used. The scheme of connec- 
tions of the reversing rheostat is shown in Fig. 228. 

C, and C are copper segments across which F is connected, and 
they are joined to contact points by means of the arm A. The 
two ends of A are insulated from each other, and the current travels 
only from a contact to the nearest segment over the conducting 
portions of A. 

Movement throughapproximately 90 degrees varies the potential 
across F from maximum to zero, the first being impressed when A 
coincides with the dotted line YY and the latter when it coincides 
with XX. After passing XX the current reverses in F, and when 
the arm reaches the position ZZ the 
opposite maximum is reached. 

This form is somewhat elaborate + 
and expensive and requires a large 
amount of switchboard space. There- 
fore, it is only installed with the larger 
sizes of boosters. 

A cheaper, more compact form of 
reversing rheostat is shown in Fig. 229. 

As seen from the diagram, the device 
is simply an ordinary rheostat having 
an auxiliary set of contact points cor- 
responding with the series of points Fic. 229. Reversing Rheostat. 
connected to the distributed resistance 
Ry. The auxiliary points are connected to corresponding main con- 
tactsasshown. A pair of copper segments C, C’ is provided, across 
which the field winding r is connected, and a rotating arm carry- 
ing the two conducting strips B and B’ is mounted on a central 
pivot. The conducting strips 
serve respectively to join the 
segment C to the upper con- 
tact points and C’ to the lower 

Fig. 230. ee Rheostat. contact points. Obviously 

when the arm carrying B and 

B’ is at one extreme position the full voltage of the line is applied 

to r in one direction, and when in the other extreme position the 

full voltage is applied in a reverse direction. When in the middle 
position the voltage across r is zero. 
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This arrangement is in effect the same as the diagrammatic 
scheme, Fig. 230. Ris the resistance across the mains M, M’,r is 
the resistance of the winding to which the varying potential is to be 
applied, B and B’ are brushes working along R and approaching 
towards, or receding from, each other at the same rate of move- 
ment, x is that portion of R in parallel with r for any position of B 


and B’. The resistance of the circuit from M to B is ae and 


‘from B’ to M’ is also ees The resistance of that portion of 


x 
2 


the circuit from B to B’ is that of r and x in parallel and is ; foe 


The total resistance, therefore, of the circuit from M to M’ is 


ra 
Let E = voltage across the mains M, M’. 
Then current flow through the circuit is 
Ie 1. (201) 
R —2-- cage 


This current divides between r and x, and the amount flowing 
through each of these two parallel paths is inversely as their respec- 
tive resistances. 

Let 2 be the current through the field coil r, which is equal to 
= their sum 


r+43 


] 
=e and the current through resistance 2 is 
r+2 
being equal to I. 

Substituting the valueof I in equation 201, the current through r is 


seb Cale aan ie ae (202) 
y a ee eo R(r + x) — x 
et (R ee r+ ) 
d eee (Rae ee 
oa a 504 \ é or +> Rr (203) 


From which it is seen that ® apparently has two values. The 
quantity under the radical is however greater than the terms before 
it, therefore the use of the minus sign before the radical would give 
a negative value of x, which is impossible. Hence the positive 
sign only may be used. In practice it is simpler to compute only 
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a few values of 7 or x and from these plot a curve from which any 
intermediate values may be taken. Usually it is easier to assign 
values to x and compute corresponding values of 7 from equation 
202. 

As an example assume 


E = 100 volts. 
R = 250 ohms. 
r = 100 ohms. 
7 to vary from zero to 1 ampere in either direction, changing 0.04 
ampere per step. ’ 
The number of steps will be 
on + 1 = 51 steps. 


From equation 203, for 7 = 0.5 ampere 


2 
2 = 200 __ 100 say (Be 100 J+ 250 x 100 


2) 205 2x05, 
= 25 + 160 = 185 ohms. 
Taking the easier method of computation and assigning values 


to x to solve for 7, by equation 202, the following results are ob- 
tained: 


Fora = 10 1 = 0.0365 ampere 
x= 50 e= 0142 
x = 100 t=). 200 
xz = 150 i= 0370 
z = 200 +, = 0.572 
Bae 225 ~ = 0.724 
t= 250 + = 1.00 


From these values of x and 7 the curve Fig. 231 is plotted, and 
from this any value of either quantity may be taken by inspection. 
Thus for 7 = 0.04 ampere, the resistance between the middle con- 
tact and the next adjacent one on either side is 113 ohms. For 
i = .O8 ampere the resistance between the middle point and the 
second contact is 25 ohms. The resistance therefore from the 
first contact to the second is 25 — 11.5 = 13.50hms. For 7 = 
0.12, x = 40; therefore the resistance between second and third 
contacts = 40 — 25 = 15 0hms. These values are taken direct 
from the curve as shown by the dotted lines forming the series 
of steps along the curve. The vertical distance from one step to 
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the next one represents, to scale, the resistance between the two 
steps. 


To compute the heat loss in the rheostat. 
Watts loss, i= 12a) - a). (204) 


For any value of x the corresponding watts loss may be calcu- 
lated from this equation. 
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225 i aie | 
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Fig, 231. Curve of Division of Resistances for Reversing Rheostat. 


The maximum loss takes place when 


* 
R : 2 
n= 5 -2r+t via =2 r) +3Rr. (205) 


For the foregoing case, « = 209 ohms when loss is maximum 
and the loss = 53.3 watts. The value of 2 for maximum loss is 
found by substituting the values of I and 7 in equation 204, differ- 
entiating, equating to zero and solving for x. Thus, taking the 
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value of I in equation 201 and 7 in equation 202 and substituting, 
equation 204 becomes 


ee (meee E (r+ 2) — Ex\? 
lg ese R-2) +(_ot P= x. (206) 


Neglecting E, which is a constant multiplier, and combining, the 
equation becomes 


ea A ea) eee 


(Rr + (R — 2) x)? 0? 
Placing this quantity equal to wu and differentiating, 
du x 
Free —(R—-4r) «— 3Rr. (208) 
Equating to zero and solving for 2, 
¢=4R—2r + VR —2r) +3Rr. (209) 


When the use of the negative sign before the radical will give a 
negative result, the plus sign is the only one to use, which gives the 
equation 205. 


CHAPTER XL. 


CIRCUIT BREAKERS AND INSTRUMENTS. 


Crecurt breakers are used for the protection of the battery and 
the machinery with which it is connected. 

The overload circuit breaker is so familiar to engineers as to require 
no description here. 

These are used in battery circuits to prevent excessive discharge 
of the battery, and in booster circuits to protect these machines. 

If a booster having a series winding, is left connected to the 
system, and the driving motor circuit be interrupted, it will act 
as a series motor, finally speeding up to the point of destruction. 
Therefore, when boosters of this character are installed, and the 
motors provided with overload breakers, there must be a breaker 
in the booster circuit which interlocks — either mechanically or 
electrically — with the motor breaker, so that the opening of the 
motor circuit causes a simultaneous opening of the booster circuit. 

In the mechanical device there is a lever connected to the motor 
breaker which controls the latch on the booster breaker, and it is so 
arranged that in case the motor breaker opens, the lever will oper- 
ate the catch on the booster breaker, causing it to release and break 
the circuit. 

When operated electrically, the booster breaker, in addition to 
the usual series coils, is provided with an auxiliary coil, which is 
generally placed inside the series coil and around the plunger, its 
terminals being connected to the bus bars through a contact device. 
This contact is on the motor circuit breaker, and so arranged that 
if the motor breaker opens, the moving arm bridges the two con- 
tact pieces when it falls back in its open position, thus closing 
the circuit through the auxiliary coil on the booster breaker, and 
energizing it. This coil is so designed that the bus voltage will 
cause the plunger to rise and release the latch, tripping the breaker 
and opening the booster circuit. 

The overload and no-voltage breaker is used in the motor circuit. 
This breaker will open the circuit in the event of excessive current 
to the motor or in case the circuit is interrupted, or if for any 
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reason the voltage is removed from the circuit. Frequently this 
breaker is combined with the motor-starting rheostat. 

The underload circuit breaker is used to prevent the battery from 
discharging if the charging dynamo should be shut down or the 
polarity of the charging source be reversed. This circuit breaker 
is made in several forms, but the principle of them all is practically 
the same. 

The breaker is held closed by the passage of charging current 
through a magnet winding which acts directly or by holding down 
a latch. When the current reaches a predetermined minimum, a 
spring, which continuously tends to open the breaker, overpowers 
the magnetizing force of the diminishing current, and the breaker 
opens. Since no reversal can take place without the current pass- 
ing through zero, this breaker effectually prevents reversal. Usu- 
ally, the underload breaker is intended to be cut out of circuit on 
discharge, and if it is a polarized instrument, must be cut out, as 
it will not permit a discharge to pass through it. If not a polarized 
breaker, discharge may be taken through it, but at the beginning 
of reversal, and until the current has reversed and passed the min- 
imum value it must be held closed by hand. 

The carrying capacity of the underload breaker, necessarily is 
that which corresponds to the maximum amperes of charge. 

The underload and overload breaker is a device that combines 
both the functions of the two separate breakers. It is much used 
in booster circuits instead of the underload breaker, as it serves 
to protect the circuit against either excess or reversal of current. 

The instruments used in storage battery installations are volt- 
meters, amperemeters, voltmeter switches, wattmeters and ground 
detectors. 

Voltmeters and amperemeters should always be permanent mag- 
net controlled instruments, because in storage battery work the 
direction of current flow and polarities are important. No in- 
strument that will give an indication in the same direction with 
current passing through it in either direction should be used. To 
this latter class belong the Siemens dynamometer, the electro- 
magnetic and hot-wire instruments; in fact any instrument that 
will work on alternating-current circuits. 

Amperemeters in battery circuits should have their zero points 
in the middle of the scale, the needle being free to move in either 
direction, so that both charge and discharge currents are measured, 


462 STORAGE BATTERY ENGINEERING 


the direction of swing showing the direction of the current. Instru- 
ments of this kind cost no more than standard emvderemeters with 
the needle moving in one direction only, provided the total length 
of seale is the same in each case. For equiva- 
lent capacity and cost, therefore, the scale 
divisions are twice as close together in the 
double-reading as in the single-reading instru- 
ment. Amperemeters of this kind are neces- 
sarily shunt instruments. 

Voltmeter switches are of two kinds. One 
that is most used in battery installations 
consists of a series of pairs of points working 
in connection with a pair of contact segments, 
which latter are joined to the voltmeter ter- 
minals. A pair of contact arms movable about 
a central pivot impresses the potential of any 
pair of points across the pair of segments, and 
through them, on the voltmeter. In this way 
asingle voltmeter may serve to show the volt- 
age across any number of points. 

Another form is the plug switch shown in 
Fig. 233. This comprises four terminals 
having cavities into which mating plugs, 
fastened to an insulating support plate, may 
Pia. 233. pe cloncer Plug bethrust. The four mating plugs are divided 

into two pairs, the plugs of each pair being 
connected together but the pairs insulated from each other. 
Therefore, when the plugs are pushed into position, corresponding 
terminals are connected through the plugs. If two terminals are 
connected to the points across which the voltage is to be taken, 
and the other two connected to the voltmeter, the proper voltage 
will be indicated when the plugs are pushed into place. 

By using several sets of terminals, or receptacles, each having 
one pair of terminals connected to the voltmeter, different voltages 
may be read by shifting the plug from one set to another. 

This switch, while reliable and satisfactory, is too expensive if 
more than three voltages must be indicated, and the rotating, 
multiple-point switch becomes the more suitable. 

Wattmeters and ground detectors are the same in every respect as 
the standard forms used or any electrical circuit and require no 
description here. 


CHAPTER XLI. 
COMPUTATION, OF BATTERY <CAPACITY. 


In order to compute the size of battery necessary to perform 
certain work, it is necessary to plot a load curve showing the cur- 
rent consumption at any time during the twenty-four hours. 
From this, the maximum, minimum and average current flow, 
the work required of the battery and the proper capacity for it, 
may all be determined with the help of the factors K, as given in 
Chapter VII. 

In order to facilitate these calculations, the two curves shown in 
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Fig. 234 have been prepared. The vertical scale on the right 
refers to the upper curve, and the left vertical scale refers to the 
lower curve. D is any discharge in amperes, while d is the amperes 


discharge at the 8-hour rate. 7 is found and the value taken on 


the right-hand vertical scale. Follow this horizontal thus located 
D , 
until it intersects the upper curve marked 7 At the point of 


intersection, a vertical down to the horizontal scale will show the 


time rate of discharge at the amperes of flow = D. The vertical 
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also intersects the lower curve, marked K. At this point of inter- 
section, a horizontal to the left scale will give the value of K for 
the discharge rate D. 

Example: What is the value of K for a discharge of 84 amperes 


from a battery having an 8-hour rate of 30 amperes? 2 = = 


= 2.8. Following the horizontal from 2.8 to curve = then verti- 


cally down to curve K, then horizontally to the left to scale K, the 
value 1.56 is located. It may also be seen that 84 amperes dis- 
charge is the 1 hour and 57 minute rate of this battery. ie 
should exceed 4, then the discharge is in excess of this 1-hour rate, 
and is too high except for a few moments. 

These curves are only approximations, as they may vary consid- 
erably with different types and makes of batteries, but they fairly 
represent average practice. 

The data could be expressed in a single curve if the rate of dis- 
charge were omitted, and : placed on the horizontal scale in place 
of the time. 

The regulating rate of a battery is the maximum rate of discharge 
or charge allowable for batteries working on rapidly fluctuating 
loads and which charge or discharge continuously only for a few 
seconds and never longer than two minutes. In America the 
regulating rate is 8 times the 8-hour rate. The amperes charge or 
discharge allowable at the regulating rate are therefore equal to 
the ampere-hours capacity of the battery at the 8-hour rate. Thus 
a 1000-ampere-hour battery is one which will discharge 125 amperes 
continuously for 8 hours at 70 degrees temperature. The regulating 
rate of this battery is 8 X 125 = 1000 amperes. 

In computing the size of battery necessary to supply a given 
fluctuating load, it is essential that the current for driving the 
booster motor be included in the maximum load, as has been 
previously pointed out. 

To determine the size of battery required to supply current con- 
tinuously over a given load peak, a trial and error method of caleu- 
lation must be adopted. 

Take, as an example, the load diagram as shown in Fig. 235. 
The dotted line shows the generator output, while the heavy line 
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shows the station output. The difference between the two at any 
instant, is given out, or absorbed by, the battery. The diagonal 
shading shows charge and the cross hatching, discharge. 

The peaks being some hours apart, may be considered as inde- 
pendent and having no bearing on each other, since the battery has 
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sufficient time to regain full charge after it has discharged on peak 
A, before discharge on peak B begins. Therefore, the capacity of 
the battery will be that required to cover the greater peak, which, 
by inspection, is seen to be peak B, and it only becomes necessary 
to determine the ampere hours which the battery must discharge 
to cover this peak. This is shown enlarged in Fig. 236, to better 
illustrate the method of computation. The diagram is divided 
into a number of vertical laminz by vertical lines. The area of 
each of these laminz represents, to proper scale, the ampere hours 
supplied to the outside circuit during the time covered by its base. 
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The short horizontal lines s.p.r.d.z represent the average discharge 
rates of the different divisions. The capacity required is first 
assumed to be 10 per cent greater than the total ampere hours of 
the peak at the rate of discharge equal to the length of the peak 
base. The total ampere hours are 4400 and time of discharge 24 
hours. K for 24-hour rate is about 

1200 1.50. 4400 x 1.50 = 6600 = approxi- 
- mate ampere hours required to carry 

LH the peak. Adopting this as the trial 


"1500 


ct value, the use of the vertical divisions 
11000 - is resorted to for determining the final 
Z value. 
(eee HA Division No. 1 is 380 ampere hours 
at an average discharge rate of 900 
few cr | Ct amperes, which is about the 7-hour 
To + rate for a 6600-ampere-hour battery. 
ha + coiecceee)| Therefore, the battery capacity in 
ampere hours required for division 
eeeee — | No. 1, referred to the 8-hour rate, is 
cI 4 380 X 1.03 = 391.4. Similarly, divi- 
| 


= 


sion No. 2 is 560 ampere hours at 
1400 amperes, which is the 33-hour 
ae 3 cee rate with IX = 1.25, and the ampere 


hours referred to 8-hour rate = 560 
1.251700. No. 3 = 1060) rate 
oc 2700 = 13-hour rate; K = 1.68; am- 
HA pere hours = 1060 X 1.68 = 1780. 

+ No. 4 = 2160 ampere hours, rate 


ee 7 ’ 3600, which is greater than the one- 


Fic. 236. he of Load Garve, SHOUT rate. “Chis would®not be so 
objectionable if the time were only 

ten or fifteen minutes, but the base of this division is 36 minutes, 
which is too long to continue a discharge at such a high rate. 
Therefore, a new trial capacity must be adopted. Division No. 5 
requires but little capacity. The sum of divisions 1, 2 and 3, as 
found, is 2871 referred to the 8-hour rate. If the one-hour rate be 
taken as the highest allowable, then K = 2 for division 4, and the 
ampere hours = 2160 X 2 = 4320. Adding to this the 2871 pre- 
viously found, the result is 7181, or, say, 7200 ampere hours. The 
rates are now less for this than for the 6600-ampere-hour battery, 
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and therefore the capacity should be great enough to take care of 
No. 5 also. 

Beginning again as before: Division No. 1 is 380 ampere hours, 
and as 900 amperes is the 8-hour rate, K = 1 and the battery ca- 
pacity for this division is 380 ampere hours. 

No. 2 = 560 ampere hours at the rate of 1400 amperes, which 
is the 43-hour rate. K=1.2, and ampere hours = 560 X 1.2 = 672. 

No. 3 = 1060 ampere hours; rate 2700 amperes = 12-hour rate. 
KK = 1.63, ampere hours = 1.63 X 1060 = 1730. 

No. 4 = 2160 ampere hours; rate 3600 amperes = 1-hour rate. 
K = 2; ampere hours= 2160 X 2 = 4320. 

No. 5 = 240 ampere hours; rate = 1700 amperes = 34-hour rate. 
K = 1.31 ampere hours = 240 X 1.31 = 314. Total ampere hours 

= 7416. Therefore the assumed capacity of 7200 is also too 
small, and a 7400-ampere-hour battery would be required. If 
this size be adopted, the total referred to the 8-hour rate will be 
less than 7416, as the aischarge rates will be less and the factors 
K correspondingly reduced. 

To the capacity thus found, at least ten per cent should be 
added to cover the loss of capacity which takes place after the 
battery has been some time in service, and toward the end of its 
life. For the case under consideration, this would make the proper 
capacity to install 7400 + 740 = 8140 ampere hours at the 8-hour 
rate. 

As will be seen, this is a trial and error method, the accuracy of 
the result depending on the number of divisions into which a load 
curve may be divided. 

In computing battery capacity, it seldom is necessary to take 
into account the portion of the curve over which charge takes place, 
as in most load curves there are short peaks and long hollows, and 
during the time over which the hollows extend the battery fills up 
at a moderate rate. 

There are some instances, however, where the charging rate is 
necessarily high, and in such cases the minimum allowable size of 
the battery is that in which the 1-hour rate of charge is never 
exceeded. Rapid charge is much more injurious to a cell than 
rapid discharge, and in no case should current be passed into a cell 
at arate higher than the 1-hour rate, but even this is not good prac- 
tice, and should not be allowed if it is to last longer than twenty 
minutes continuously. 
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As an example, consider the load curve shown in Fig. 237, which 
shows the station output, for one hour, from a rotary converter 
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sub-station feeding an elec- 
tric railway, the line pressure 
being 550 volts. The read- 
ings are taken at 30-second 
intervals. 

In this case, the rotary con- 
verters are to supply the aver- 
age current only, plus 5 per 
cent on overloads and minus 
5 per cent on underloads. 
This average is 1180 am- 
peres, and on overload is 
1180 + 59 = 1239 amperes, 


-and on underload = 1180 — 


59 = 1121 amperes. 

The maximum load on the 
station is 2100 amperes, or 
861 amperes more than the 
maximum output of the ro- 
tary. The minimum load is 
400 amperes, or 721 amperes 
less than the minimum out- 
put to be maintained on the 
rotary converter. 

If a reversible booster is in 
series with the converter, the 
current from the battery re- 
quired by the booster motor 
on maximum discharge with 
minimum battery voltage 
is, from equation 182, = 

118 X 861 
705502 Tie ko ue 
peres. The total maximum 
discharge is therefore 861 + 


305.3 = 1166.3 amperes, and the size of the battery will have a 
capacity of 1166.3 or 1200 ampere hours on this basis. The figure 
0.76 is the combined efficiency of booster and motor. On charge, 
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the current to the battery is that in excess of the external load minus 
the motor current. If the maximum regulating battery voltage 
be 2.4 volts per cell, and the number of cells = 262, the maximum 
battery pressure = 262 2.4= 629 volts. 

Booster voltage on charge = 629 — 550 = 79 volts. 

From equation 183, the motor current is 


(ox 72h 
0.76 X 550 + 79 


114.5 amperes. 


The current to the battery therefore is 721 — 114.5 = 606.5 
amperes. 

This allowance for motor current which is added to the discharge 
and subtracted from the charge, means that the average generator 
output is not 1180 amperes but some greater amount which shall 
have a value such that the total energy delivered to the battery 
shall be equal to the total energy abstracted from it, over a given 
period of time. In order to find this correct average, the readings 
above and below the line of load average must each be corrected for 
the booster current required at that particular value of line cur- 
rent. A new curve is plotted from these corrected readings, and 
the average is found which has a value such that if a horizontal 
line be drawn through the curve, the sum of all the areas between 
the line and those portions of the new curve above it, is equal to 
the sum of all the areas lying below the line and included be- 
tween it and the curve. 

This correction will be generally very small, as the extreme con- 
ditions of battery charge and discharge will obtain but seldom if the 
equipment is properly operated. No accuracy in this computa- 
tion is required, as the assumed load on which it is based may never 
exist, or if it does, may never repeat itself. A general approxi- 
mation based on the average of several load curves and general 
experience is all that is necessary, keeping in mind the maximum 
possible conditions that may obtain, and fixing the size of the 
battery to carry any reasonable load that it may be subjected to. 

Referring to Fig. 237, the maximum discharge peak is at C. The 
current does not reach so high a value as at peaks A and D, but it 
lasts much longer and the ampere hours of discharge are greater. 

When discharging over peak D, the average rate of discharge is 
about 375 amperes, which is the 24-hour rate of a 1200-ampere-hour 
cell, while the actual time of discharge is only 33 minutes. So, if 
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the maximum size, as determined by the requirements of charge 
and discharge rates, be adopted, the battery will have a capacity 
many times greater than necessary to supply current to the peak 
loads. 

The battery, as here computed, will be unnecessarily large be- 
cause the maxima of charge and discharge are sharp-pointed and 
are only instantaneous — lasting but a few seconds at most. Ifa 
horizontal be drawn across from the 1800-ampere mark on the left- 
hand vertical, it will cut the peaks A and C only, and the greatest 
duration of discharge above this line is at peak D and lasts only 
45 seconds. A battery, therefore, the regulating discharge rate of 
which rises up to the 1800-ampere mark, may be considered as suf- 
ficiently large for all practical purposes. The regulating discharge 
rate, then, is 1800 — 1180 = 620 amperes. To this must be added 
the maximum motor current, which has been found to be 305 
amperes, making a total of 925 amperes that the battery must dis- 
charge without falling below 1.65 volts per cell. This corresponds 
to a 925-ampere-hour battery at the 8-hour rate. 

From the foregoing, it is seen that the selection of size of battery 
is largely a matter of judgment and requires experience and a 
thorough knowledge of the subject. These examples are given to 
indicate the methods by which the approximate size is determined. 

Obviously, the size of battery is greatly influenced by the char- 
acter of the plant, prospects for increase, and probable character of 
load increase. Also, the question of fuel and labor costs, combined 
with the above considerations, may make a great difference in the 
size of the equipment that will be productive of greatest economy. 


CHAPTER XLII. 


DIRECT-CURRENT SYSTEMS. 


THERE are many ways of arranging batteries to perform the 
various functions before outlined, and it is only possible to describe 
a few of the most important. 

The simplest case of regulation is 
that in which a battery is connected CS 
across the line at some distance from 
the power station and “floats,” 
charging and discharging with varia- aa dee 
tion in the line drop. This case is 
specially treated in Chapter XLIII. 

Power Storage Systems. 

The simplest case of power stor- 
age is that of the small, isolated 
plant, such as is found in apartment 
houses or on yachts, where the load 
after 11 or 12 o’clock P. M. is light 
enough to be entirely carried by the 
battery, the generators being shut 
down. 

In Fig. 238 is shown one system 
of connections by which this is ac- 
complished. The battery is sepa- 
rated into two halves for charging in bee! 
parallel Zi i ; ‘ ' an i f ; f j ] 

Aseries-parallel switch is provided 7" 788 Cqnnections for Parallel Charge, 
and connected as shown. 

When the blades of this switch are thrown to the right, connect- 
ing the central and right-hand contacts, the charging current passes 
into the two halves of the battery, which are in parallel and 
therefore much below the voltage of the generator. The path of 
the current is through the main battery rheostat, the circuit 


breaker, to the resistances R; and Re, through which it passes, the 
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current flow being regulated by the battery rheostat, and caused 
to divide equally between the halves of the battery by means of 
Ri and I Roy. 

When the series-parallel switch is thrown to the left it is in a 
position for discharge. The path of the current can easily be 
traced, and it is seen that the two halves of the battery are now 
in series, their voltage being much higher than that of the line. 
This voltage is reduced by manipulating the resistances through 
which the current passes. 

Sometimes an underload circuit breaker is included in which 
case it is connected so that it is cut out of circuit when the series- 
parallel is thrown to the position for discharge. Ry, and R, have 
comparatively small resistances and carrying capacities. They 
are designed to take the maximum charging current to one-half 
the battery, which is half the total current supplied from the 
mains. Since they serve only to equalize the current flow be- 
tween the two halves of the battery, the resistance required is but 
small. If the total drop through Ri or Rz is as much as 12 per 
cent of the voltage of the circuit when the normal charge is being 
put into the batteries, the resistance will be ample. Ry; and Ry» 
are cut out of circuit on discharge, the battery rheostat serving 
to regulate the voltage. The main rheostat therefore, must have 
a carrying capacity through part of its resistance equal to the 
maximum discharge current, the resistance over this portion being 
so distributed that the voltage change produced by movement of 
the arm from one contact to the next will not exceed 3 volts. 
The number of contacts carrying this maximum discharge cur- 
rent will be such that the total resistance of this section will pro- 
duce a drop equal to 25 per cent of the normal circuit voltage 
when the maximum discharge current is flowing, this being approxi- 
mately the change in cell voltage from beginning to end of discharge. 

The resistance sections at the end of the rheostat opposite 
to the sections carrying the maximum discharge, which carry 
the minimum current, and the drop due to these resistance sections, 
plus the resistance of all the other sections in the battery rheo- 
stat, must be 25 per cent of the normal line voltage. In other 
words, it must be so constructed that any current between the 
maximum and minimum can be made to give a drop ranging 
from 3 volts to 25 per cent of the line voltage, in steps not exceed- 
ing 3 volts. 
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The number of cells in equipments of this kind are always taken 
as equal to a ,in which E = line voltage and 1.8 = minimum cell 


voltage. If the cells were discharged to a lower voltage, they 
would have a short life, as the discharge is not momentary but 
sustained; also, the greater number of cells would increase the 
cost and give a higher voltage at the beginning of discharge, which 
would require greater resistance losses to maintain the line voltage 
constant. 

This system has the advantage of being simple and cheap. Its 
disadvantages are loss of energy in the resistance, both on charge 
and discharge, and the fact that the constancy of voltage or dis- 
charge depends on constancy of load, since the current is regulated 
by the ohmic drop of the resistance. 

A modification of this system is shown in Fig. 239. Here the 
cells are divided into three groups, which are charged as follows: 

Groups 1 and 2 in series. 
Groups 2 and 38 in series. 
Groups | amd 3 in series. 

Each combination is charged one-half the time required to fully 
charge a cell at the rate that current is supplied. 

They are all discharged in series. 

This latter modification has the advantage of requiring less resist- 
ance in series with the charging current, as on charge there are 
two-thirds of the total cells in series, as compared to one-half in 
the preceding case. . 

Referring to the figure, the switch consists of eleven contacts, 
1 to 11 inclusive, and three movable contact pieces, A, B and C, 
each having a contact brush or piece at either end. Group I is 
connected to contact points 1,2,6and 7. Group II to 3, 4,8 and 
9, and group III to 5, 10 and 11, the terminals being also connected 
toland1l. Ris the adjustable resistance. 

In the position shown, groups I and II are charging. Calling a 
the lower end of the moving segment A, the dotted lines show the 
angular position of a around the circle and the connections that are 
made for each angular position are easily traceable. In position 1, 
as shown, groups I and II are in series on charge, in position 2, 
groups IT and III and in position 3 groups I and I are being 
charged in series, while in position 4 all the groups are in series on 


discharge. 
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The time of charging in this system is 1} times as long as required 
in the single series for the same current rates. 

These systems of grouping cells for charging are applicable only 
to small plants. Where heavy currents are to be carried, the 


ill 


Fic. 239. Diagram for Parallel Connections of Storage Cells. 


switching devices become so cumbersome that boosters are cheaper 
and more easily handled; besides the losses in the resistances with 
large currents would be impracticable. 

A system which is sometimes used for country house and pri- 
vate plants is shown in Fig. 240. The generator is driven by a 
gasoline or kerosene engine, the battery being charged during the 
day and the current at night is furnished from the battery only. 

A is an amperemeter, U an underload circuit breaker, V a volt- 
meter and V.M.S. a three-point voltmeter switch connected to show 
the voltage of (1) the generator; (2) the line and (3) the battery. 

In this, the maximum generator voltage is equal to N X 2.6, 
and the voltage of the line = N X 1.8. When §, is closed down- 
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wards, and 8, open, the battery is connected for charging, and the 
current is regulated by varying the generator voltage. This is 
done with rheostat R. 

When §; is open, and & is closed, the battery discharges to the 
line, its voltage being regulated by the end cell switch Ss. 


Mn 


Fic. 240. Connections for Charging Battery from Dynamo. 
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Fic. 241. Connections of Plant using Counter Cells for Regulation. 


When &; is closed, and §; thrown to the upper position, the gen- 
erator voltage being reduced to equal that of the line, the genera- 
tor and battery may be made to work in parallel. 

No current can be furnished the line when the battery is being 
charged except at a higher voltage than normal. 

Another system, which has the advantage of permitting the bat- 
tery and generator to work in parallel during charge or discharge, 
is shown in Fig. 241. 
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As is seen, there are counter electro-motive force cells connected 
in series with the battery. The charging current goes in over 
Si, passing through the resistance which regulates it and the 
underload breaker. The voltage of the generator is higher than 
that of the service bus bars, the excess reaching .6 N volts at end 
of charge, where N = number of cells in series. 

The current to the line does not pass through the underload 
breaker and rheostat, but passes through the counter electro- 
motive force cells and 82, the opposing voltage reducing the gener- 
ator pressure to the proper amount. This is regulated by the 
number of counter cells in the circuit which are switched in as the 
generator voltage rises. The number of counter cells required = 
“ = 0.3 N, where N = number of main cells in series. 

The double-pole, double-throw switch, $3, when thrown to the 
right, connects the generator to the battery system and through 
the counter cells to the line. When thrown to the left, the genera- 
tor is connected directly to the line, its voltage of course being 
reduced by the field rheostat R to that of the line, and the battery 
may then be discharged in parallel with G to carry a peak. When 
S; is open the battery carries the entire load. 

This system, in common with all counter cell systems, is practi- 
cally obsolete, except for the conditions specified below, as better 
results can be obtained by using certain of the battery cells as end 
cells. The use of counter cells does not reduce the number of cells 
required in the battery, and the expense of the equipment is in- 
creased by the addition of counter cells, and they are also an addi- 
tional complication. 

There is one class of plant only where counter cells are suitable, 
and that is the isolated plant which is charged during the day by 
an attendant who either does not stay in the station or who has 
not sufficient intelligence to cut out the battery end cells as they 
become charged. With the counter cells the plant may be left on 
charge without attention if the supply circuit be left open. If 
current is used on the external circuit while charging proceeds, the 
attendant must be on hand to switch in counter cells, otherwise 
the external voltage will rise far above the normal. 

The best of the systems which operate without boosters is that 
shown in Fig. 242. There are two end cell switches, the similar 
points of each being connected to the same end cell, as shown. 
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The current from the generator goes through the switch S; to 
the left-hand terminals of the double-pole, double-throw switch Sy. 
When §; is thrown to the left position, the battery is cut out of 
service. One of the generator leads is permanently connected to 
the left battery terminal, passing through the underload circuit 
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Fic. 242. Connections of No-Booster System with Two End Cell Switches. 


breaker, two-way reading ampere meter and overload breaker. 
The other generator lead is connected to the end cell switch by the 
double-break, single-pole, double-throw switch $3, when it is thrown 
to the right. 

When the battery is charging, S. and §; are thrown to the right. 
The generator voltage must be in excess of that of the line by an 
amount sufficient to force current into the cells. All current to 
the line passes through the end cells included between the contacts 
of S, and §;, on which the respective arms of these two switches 
rest, and the line voltage is less than the generator voltage by an 
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amount equal to the voltage of the number of cells in series between 
these two contacts. With 8, on the right-hand and 8; on the left- 
hand contacts, the underload circuit breaker is cut out and the 
battery ready to discharge, either in parallel with the generator, 
or alone if S; be opened. 

This system has the advantage over the preceding one, of requir- 
ing no additional counter cells, though the end cells in this case 
must be sufficiently large to pass the sum of the external and 
charging currents through them. In nearly every case in practice, 
the end cells need not be increased above the size of those in the 
main battery. 

Fig. 243 shows the switchboard for this system, the connections 
being indicated by dotted lines. The switches and amperemeters 
on it correspond with those shown in the diagrammatic view. 
In addition, there are a voltmeter and a switch which opens the 
line circuit. 

In all the foregoing systems the generators should be shunt 
wound, or if series machines, should have a cell put in the series 
winding as explained in Chapter XXXII. 

Power Storage Systems with Boosters. 

The simplest case of the application of boosters to storage bat- 
tery plants is that of the shunt booster, in a station where the bat- 
tery is used for storage only. Such a system is diagrammatically 
shown in Fig. 244. 

The booster field is excited fromthe lineasshown. Withswitch1 
thrown to the right the battery is charging. When thrown to the 
left the booster is cut out and the battery discharges, the voltage 
being regulated by the end cell switch 5. 

If the booster is used reversibly, the end cells and end cell switch 
5 are not required, though the size of the booster is increased, as 
explained in a previous chapter. 

Usually this system is much cheaper to install and is higher in 
efficiency than the systems without boosters, unless the plant be a 
very small one. 

This becomes evident when it is remembered that the generator 
must be capable of giving a higher voltage than the line when no 
booster is used, unless the cells be arranged for parallel charging 
and the charging current controlled by an energy-consuming re- 
sistance. The capacity of the generator is therefore increased. 
Sometimes this increase is just sufficient to require the next larger 
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size of standard frame, in which case the increased generator cost 
would be very much greater than that of booster and driving motor. 
In addition, switches and leads are often saved, all of which are 
expensive and contribute to make the cost of no-booster systems 
excessive, as compared with those in which boosters are used. 

Plate IV shows a switchboard for this system. In addition to 
the instruments shown in the diagrammatic sketch, wattmeters 
are included; §; being connected to take in the wattmeters. On 
charge, switch 1 is thrown to the right, putting one wattmeter 
and the underload breaker in circuit. On discharge, these are cut 
out by throwing switch 1 to the left, which, at the same time, puts 
the other wattmeter in circuit. 

The motor switch and starting box are not on this panel. 

The voltmeter and voltmeter switch are not shown, but the 
connections should be such as to show (1) voltage across the bus 
bars; (2) voltage of bus bars plus booster; (8) voltage of battery 
as indicated in Fig. 244. Before beginning charge the switch 2 
is opened, the main switch closed and switch 1 thrown to the 
right-hand contacts. 

The booster voltage is then brought up to such a value that bus 
bar plus booster voltage = about 10 volts more than battery volt- 
age. Then switch 2 is closed and the charging current adjusted 
by slowly raising the booster voltage. 

Fig. 244a is a switchboard diagram for the same character of 
installation as that shown in Fig. 244 and Plate IV. It has no 
wattmeters and the motor connections are shown. The upper, 
middle circuit-breaker is the underload breaker and is cut out of 
circuit when the double-throw switch is thrown to the left. The 
breakers on either side of the underload breaker are to prevent 
excessive overloads, the one on the left being in the motor circuit 
while the one on the right is in the battery circuit. R is the 
booster field rheostat and M.S.B. is the motor starting box. 

Storage and Regulating Batteries Using Automatic Boosters. 

The use of the various automatic boosters has been explained 
in the discussion of each, so it is not necessary here to go into 
detail as to the various ways in which they may be installed. 
Complete diagrams of booster systems are given in Chapters 
XXXII, XXXIII and XXXIV. Diagrams 188, 202 and 212 are 
representative of present-day practice. 

The principal factors in the design of various booster-controlled 
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equipments will here be briefly discussed. Consider the case of a 
plant in which a mixed motor and lighting service is to be supplied, 
the former load having rapid fluctuations. If the load is all concen- 
trated within a short distance of the generators, as in an isolated 
plant, and the battery is to furnish current for lighting when the 
generators are shut down, the non-reversible booster system may 
be used. If the line voltage on the lighting bus bars is to be 110, 


the number of cells, inclusive of end cells, will be ee 61. Num- 


1.8 
Bre a ue 61 — a = 9 end cells. 

Take minimum booster voltage = 0 volts. 

The range of voltage through which the 61 cells will work on 
regulation is 1.8 to 2.3 volts or a total change of 30 volts. Half of 
this is 15 volts, which is the normal excess of the power bus bars 
above the lighting bus bar pressure. ‘The power bus bar pressure 
will be 110 + 15 = 125 volts. 

Normal voltage of booster = 15 volts. 

Maximum voltage of booster = 30 volts. 

Minimum voltage of booster = 0. 

And normal voltage of power line is 125 volts. Maximum 
is 140 and minimum is 110 volts. 

With these data and a knowledge of the maximum average load 
to be supplied continuously to the power bus bars, the booster and 
controller may be computed. 

The end cell switch will have 10 points or one point more than 
the number of end cells. 

Assume that the variable load consists of three elevators, each 
taking 75 amperes starting and 35 amperes running current. 
Maximum current to elevators = 75 + 75 + 35 = 185 amperes; 
that is, the starting of two elevators simultaneously while one 
is running will probably often occur. The average current to 
elevators for the 24 hours is 40 amperes. This quantity may be 
approximated by assuming a given number of trips of each eleva- 
tor per diem, with the time and current consumption, allowing 
from three to four seconds at the starting rate. A wattmeter in 
the circuit, or an ampere meter, is the best way to fix on the 
average if the plant is already installed. If not, some assumption 
must be made and a working figure arrived at. 

Assume further that the load curve of the plant is as shown in 


ber of end cells = 
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Fig. 245, and the period of shut-down is to be from 1 A.M. to 1 P.M. 
the following day, as indicated by the cross-hatched area, which 
represents battery discharge. This area shows a battery capacity 
of 840 ampere hours. 

The battery capacity required for regulation only, neglecting 
motor current, is 185 — 40 = 145 amperes at the regulating rate, 
which is equal to 145 ampere hours referred to the 8-hour rate. 
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Fic, 245. Load Curve. 
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The maximum amperes passing through the booster into the 
battery are 40 for the elevator load and 170 for the charging, 
making 210. The armature of a constant-current booster would 
have to be large enough to take this current for at least two hours 
continuously. 

If the booster were a reversible machine in series with the battery, 
its armature would have to carry 170 + 145 = 315 amperes as a 
maximum, but this load would last only a few moments. The 
booster would have to be large enough to carry the steady load of 
170 amperes continuously, plus say 30 per cent of the maximum 
fluctuating load. Its capacity therefore would be 170 + 0.30 X 145 
= 213.5 amperes normal rating. The non-reversible booster is 
practically the same size, but it is more convenient to install where 
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end cell switches are used, and therefore will be adopted for this 
case. 

Maximum voltage on “boiling” = 2.6 X 61 = 158 volts, which 
is the maximum voltage required. 158 — 110 = 48 = maximum 
booster voltage for overcharging. 

If the combined motor and booster efficiency = 76 per cent, the 
normal generator current when passing 40 amperes to the load will 
be, from equation 187, 

40 X 15 
0.76 X 125 


If the regulation is to be 5 per cent, then on maximum discharge 
the generator current = 46.3 X 1.05 = 48.6 amperes. Since the 
booster voltage is zero, the motor current will be practically zero, 
being only the free running current of the machines. If this is 1.6 
amperes, the net battery discharge to the line will be 185 — (48.6 
— 1.6) = 134.8 amperes. The battery must therefore be large 
enough to deliver this current without falling below 1.8 volts 
per cell. This corresponds approximately to the 1-hour rate, for 
which the factor K = 2. The capacity referred to the 8-hour 
rate is therefore 134.8 X 2 = 269.6 ampere hours. For the storage 
service before computed, it must be about three times as large 
as this and, therefore, will be of ample capacity for all regulating 
requirements of this plant. 

If the booster is to carry both the charging current of 170 
amperes and the 40 amperes average regulating current = 210 
amperes, generator load will be, from equation 187, 

210 X 15 
0.76 X 125 


which is the current the booster must be able to carry at least 
two hours. 

Size of booster = 243 X 48 = 10.48 K.W. 

Maximum motor capacity is required when passing 

243 — 46.3 X .05 = 240.7 

amperes to the power bus bars with the maximum regulating pres- 
sure of 30 volts. 

Motor capacity = (243 — 46.3 X .05) 30 = 7.22 K.W. 

Allowing 85 per cent efficiency of booster, the actual power 


I,z= 40 + = 46.3 amperes. 


I, = 210 + = 243 amperes; 


required is = 8.5 K.W., or practically 11 horse-power, 
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The generalscheme of connectionsis shownin Fig. 246, theseveral 
devices being designated. As is seen, the lighting load is connected 
across one set of bus bars to which the generator feeds directly, 
while the variable power load is connected across a separate set of 
bus bars, the current passing to them through the booster. The 
automatic voltage regulator is clearly shown, and its action has been 
fully described in Chapter XXXIV. Fig. 247 shows the complete 
switchboard connections for a system of this kind, the generator 
and lighting load not being included on the panel. 

Numbers 1 to 8 inclusive represent knife switches; 9 is an end 
cell switch; 10 is a 3-point voltmeter switch; 11 an overload circuit 
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Diagram of System Supplying both Lights and a Variable Motor Load. 
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Fig. 246. 


breaker; 12 an over and underload circuit breaker; 13 an overload 
and no-voltage circuit breaker; 14 is a motor-starting resistance; 
15, booster field rheostat; 16, automatic regulator; 17, booster 
motor; 18, booster; 19, voltmeter; and 20, a 2-way reading ampere- 
meter. 

As an example of an electric railway plant take the following 
conditions: 


Maximum load (fluctuating), 2000 amperes 


Minimum “ = 400 a 
Average a ae 1100 * 
Generator voltage, 550 volts 


Degree of regulation required, 

Type of booster, reversible. 
If the usual practice is followed of making the battery voltage 
on open circuit equal to the bus bar voltage, the number of cells 


5 per cent. 
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will bese = 268 cells, 2.05 being the open circuit voltage of the 
particular type of cell here considered. 

Maximum battery voltage on charge = 268 X 2.6 = 696.8 volts. 

Maximum booster volts = 696.8 — 550 = 146.8 volts. 

When maximum discharge takes place and the battery voltage 
falls to 1.65 volts per cell, the booster volts = 550 — (1.65 X 268) 
= 107.8, say 108 volts. 

Current to line from battery = 2000 — 1100 = 900 amperes. 

Maximum motor current (from equation 182) is 


_ 108 x 900 
~ (0.76 X 550) — 108 


0.76 being assumed efficiency of booster and motor combined. 

The maximum discharge rate of the battery when down to 1.65 
volts per cell is 900 + 313.5 = 1213.5 amperes. Taking this as 
the regulating rate, the size of the battery is 1200 ampere hours at 
the 8-hour rate. 

Booster capacity on basis of 1213 amperes maximum current 
= 1213 X 146.8 = 177K.W. If a machine with a compensated 
winding be used, 25 per cent of this capacity will be great enough, 
= 0.25 < 177 = 44.5, say 45 K.W. 

Maximum booster output = 1213 X 108 = 131.1 K.W. If motor 
is an inter-pole or compensated machine, 25 per cent of this out- 
put will be great enough for the motor capacity if corrected for 
booster efficiency. Assume efficiency of booster at 85 per cent. 


131.1 X 0.25 
0.85 


The connections for this equipment, and all switches and in- 
struments required, except voltmeters and voltmeter switch are 
shown in Fig. 202. 

The controller is the Entz carbon pile. 

In certain plants where the discharges of the battery to the line 
are heavy and frequent, the number of battery cells installed are 
in excess of the number which give a floating voltage equal to that 
of the bus bars. In this case the open circuit battery voltage is 
higher than that of the bus bars, and under normal conditions of 
load the booster voltage is not zero, but has a value equal to the 
difference between the battery voltage and that of the line and 
opposing the battery voltage. The booster energy at normal load 


I, 


= 313.5 amperes, 


Then size of motor = = 38.7, say 40 K.W. 
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is, however, zero, because current neither goes intonor is discharged 
from the battery. 

When the external load increases, the booster voltage dimin- 
ishes and allows the battery to discharge, the booster current in- 
creasing as its voltage decreases, until at the point where the 
booster pressure reaches zero, the booster energy is again zero. 
Any higher discharge requires that the booster voltage rise in the 
opposite direction, 7.e., assisting the battery, the booster current 
and pressure now rising together, the booster energy increasing 
as their product. The objects of this arrangement are: 

(1) To reduce the time lag of discharge, which is done by 
the reduction of an existing magnetic field instead of the produc- 
tion of one: the time of reducing the electro-motive force of a dy- 
namo-electric machine being much less than that required to create 
an equal electro-motive force; (2) to reduce the motor current 
required for maximum discharge and thereby reduce the size of the 
battery cells; (3) to be able to fully discharge the battery, even if 
the booster be out of commission. 

Consider conditions the same as given in the preceding example, 
except that the normal floating voltage of the battery is 50 voits 
higher than that of the line, namely 600 volts. 

Number of cells at 2.05 volts per cell = 292. 

Maximum charging voltage = 292 X 2.6 = 759 volts. 

Booster voltage for charging = 759 — 550 = 209 volts. 

Maximum booster volts on discharge = 550 — 292 & 1.65 = 68 
volts. 

Maximum motor current = ashe — 68 = 174.8 amperes. 

Size of cells = 900 + 174.8 = 1074.8, say 1050 amperes regulat- 
ing rate = 1050 ampere hour cells. 

Maximum booster volts on regulation when charging = 2.4 X 
292 — 550 = 151 volts. 


i51 x 400 
0,76 < 550 + 151 
Current from generator = 1100 < (0.95) = 1045 amperes. 
Current to battery = 1045 — (400 + 106) = 539 amperes. 
Maximum booster volt amperes are 209 X 1075 = 224.7 K.W. 
25 per cent of this capacity = 56.2 K.W., which is the size of the 
booster. 


Current to motor = I; = = 106 amperes. 
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Maximum booster output is on charge, and is equal to 539 & 151 
= 81.4 K.W. 

Size of motor, basis of 85 per cent booster efficiency, 

81.4 X 25% 
= te ae 24 K.W. 

Comparing now the two different equipments it is seen that the 
size of the battery cells is less for the high voltage than for the low, 
in the ratio of 1050 to 1200, or the low voltage system requires cells 
about 14% per cent larger than the high voltage equipment. 

The number of cells in the high voltage equipment is greater than 
in the low voltage, in the ratio of 292 to 268, or 8.6 per cent. There- 
fore the total cost of the battery on the basis of size and number of 
cells is less for the high voltage than for the low. Thismay or may 
not be true practically, as standard sizes of cells do not exactly fit 
the requirements computed for each case, and in adopting stand- 
ard sizes for any service the nearest obtainable capacity is taken. 
Therefore, the saving, if any, depends on the relation of standards 
to the outputs computed. It may be considerable or it may be 
nothing. This question can be settled definitely only by refer- 
ence to manufacturers’ lists. 

The capacity of motor and booster for the low voltage system is 
40 + 45 = 85 K.W., while the combined capacity for the high volt- 
age system is 56+ 24 = 80 K.W., there being a possible small 
saving on this item if the high voltage battery be used. Again 
this is a question referable to manufacturers’ standards. 

The regulation is better with the high than with the low voltage 
battery, for reasons given at the beginning of this discussion. A 
disadvantage of the high voltage battery is that there are 24 
more cells to inspect, repair and maintain than in the low voltage 
equipment. 

Altogether there appears but little choice between the high and 
low voltage batteries, the former being more suitable where the 
discharges are sudden, frequent and heavy, exceeding the charges in 
magnitude, but of short duration; while the low voltage system is 
the better one where the load curve is approximately of the same 
general form on both sides of the line of average output. 

If in the diagram of connections shown in Fig. 212 the negative 
bus bar be connected to the earth, and the positive to the out- 
going feeder switches, the complete connections for electric railway 
service will be shown. 
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Fig. 248 shows the connections for large power station in which 
both light and power are used. The generators may be thrown on 
to either the light or power bus bars. The regulating booster 
shown is the counter electro-motive force exciter booster. In this 
diagram the instruments have been omitted, but they are practi- 
cally the same as in the foregoing diagrams. 

B is the booster, R the exciter and M the driving motor. It is 
to be noted that the motor and booster circuit breakers are inter- 
locking. If the motor circuit should open, the field switch of the 
booster would also be opened; otherwise it would run as a motor 


Fosttive Bus bar 


End cel// sw. i 


Fic, 249. Multiple Voltage System. 


without excitation other than that from the armature current and 
speed up to destruction. The contingency in this case, however, 
is very remote. 

The storage battery is convenient in a power station where two 
or three bus bar pressures are carried. Fig. 249 shows one method 
of accomplishing this. 

The generator gives the normal bus bar voltage, and the higher 
voltage bus bars have cells between them and a booster in series 
with these added cells. 

This arrangement requires one end cell switch for each voltage 
carried. The number of points on the bus bar switches need be 
only three or four, however, in cases where the feeder voltages dif- 
fer by only a few volts. The booster is connected across the end 
cell switches carrying the highest and lowest voltages. 

The voltmeter switch for every system must always be connected 
to points from which the voltage of the line, that of the battery, 
that of the booster, and the sum of the voltage of battery plus 
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booster may be shown without closing any switches except when 
reading battery plus booster. 

Three-wire Systems. 

Fig. 250 shows a battery connected on a three-wire system act- 
ing both as an equalizer and for power storage. 

There are an end cell and a booster at each end of the system 
and the algebraic sum of the generator and two booster voltages is 
always equal to that of the battery. 

The kind of boosters required depends on the character of the 
load. If the battery is to give regulation on fluctuating loads, 
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Fic. 250. Connections for Two-Booster Equalizer Battery on 3-Wire System. 


some type of automatic booster which maintains the line voltage 
constant must be used. If the boosters are merely for charging, 
the ordinary shunt machine is suitable. If the boosters are used 
reversibly, no end cells nor end cell switches are required. 

As seen in the figure, the neutral wire is connected to the middle 
point of the battery. This is the fixed point to which the other 
leads must be referred, and the individual voltages on each side 
are adjusted with reference to the neutral, not to the voltage 
across the outsides. Of course, when the voltage on each side is 
correct, the voltage between the outsides is also correct, but it is 
obvious that the voltage between outsides might be normal and 
yet an inequality exist between the two sides of the system. 

S, and Sz are single-pole, double-throw switches, by means of 
which the battery may be connected either to the line direct or 
through the booster. 

S, is a double-pole, double-throw switch, connected as shown. 
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When it is closed on the lower contacts, the left-hand half of the 
battery is across the positive and neutral, while the right-hand 
half is across the neutral and the negative. If one side of the sys- 
tem should be more heavily loaded than the other, and therefore 
take more charge from its half of the battery, S$: may be closed on 
the upper contacts and each half of the battery transferred to the 
opposite side of the system. In this way the battery discharge 
may be equalized, whatever the difference in requirements of the 
two sides of the system. 

~ Wherever the load has an appreciable unbalance factor, 8; should 
always be installed. 

In this system the entire battery may be charged in series, or 
either half separately, and may serve as an equalizer while charg- 
ing, but it cannot work in parallel with the generator during charge, 
unless two additional end cell switches or an automatic reversible 
booster be used. 

S; and Sy, are end cell switches, M the motor, CB and CB the 
battery overload breakers, and SB the motor starting box. 

The switches are all indicated. 

The voltmeter switch connections are as follows: (1) voltage of 
outsides; (2) and (3) voltage of each outside to neutral; (4) voltage 
across battery; (5) and (6) voltage across each half of the battery; 
(7) voltage of outsides plus both boosters; (8) and (9) voltage of 
each side plus the booster on that side. When charging the total 
battery, at the beginning, the voltage reading (8) should exceed (4) 
by about 10 volts, before the switches 8; and Ss are closed. The 
charging current is afterward brought up to normal by means of 
the booster rheostats. While the charging takes place, the read- 
ings of (8) and (9) should be maintained equal by adjusting the 
booster rheostats. When charging each half of the battery sep- 
arately, the sum of the line plus booster voltage should exceed that 
of the half of the battery by about 5 volts before closing the 
switch §; or So. 

The circuit breakers in the battery circuit prevent the battery 
from discharging at arate higher than that for which they are set. 

In diagram, Fig. 251, is shown a method of connecting a battery 
to a three-wire system where the office of the battery is to act as an 
equalizer and also store energy at the time of light loads to carry 
the heavy peaks. 

A and A are two-way amperemeters; 8; and S, double-pole, 
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double-throw switches; CB circuit breakers; $3, S4, 8s, and S» end 
cell switches; R, booster field rheostat; B, the booster; M, the 


motor; C, the motor starting box; and S; and A, a switch and 
amperemeter, respectively, in the booster circuit. S; and S: admit 
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Fic. 251. Connections for Single Booster Equalizer Battery on 3-Wire System. 
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of changing the halves of the battery to either side of the line, as 
described in the preceding case. 

In this system, a single booster only is used, which charges the 
end cells. If G is shunt-wound, the battery will partly take up 
fluctuations on the outside circuit, but the arrangement is not so 
well suited for this service as the system just before described. 
Also the capacity of the booster in this case must be equal to the 
sum of the capacities of the two boosters used in the previous 
case, and two end cell switches are added. ‘Therefore, there is but 
little to recommend this system in comparison with the one shown 
in Fig. 250. 

A third method of connecting on three-wire systems is that 
shown in Fig. 252. The two booster armatures are in series be- 
tween the two halves of the battery, as shown, and the connection 
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to the neutral is made from the series connection between the 

two armatures. This is an excellent and widely used method. 
The single booster system shown in Fig. 253 is a modification of 

diagram Fig. 251. The scheme of connection only is shown, the 


Fie. 252. Connections for Two-Booster Equalizer Battery on 3-Wire System. 


Fie. 253. Connections of Single Booster Equalizer Battery on 3-Wire System. 


instruments and motor being omitted in order that the connections 
may be more easily followed out. The motor is connected across 
the outsides, and the instruments and their location are identical 
with those of Fig. 251. The advantage of this system over that 
shown in Fig. 251 is that either half of the battery may be 
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charged independently of the other, or the whole battery may be 
charged in series. 

When §; is closed on d and 8, on b, the booster is assisting to 
charge the left-hand half of the battery. When §, is closed on ¢ 
and S: on a, the right-hand half is being charged, and the entire 
battery is charged connected across the line with the booster in 
series when §; ison c and 8. on b When charging either half of 
the battery alone, care must be taken never to close §; or 8» until 
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Fic. 254. Connections of Edison 3-Wire Sub-Station. 


the booster has come up to voltage. If there should be no booster 
pressure when §; or 8: is closed, the end cells included between the 
upper and lower contacts on which the respective arms rest would 
be short-circuited. 

Fig. 254 shows the connections for the New York Edison Com- 
pany’s battery substation located in the Bowling Green Building. 
This station is about one mile south of the generating plant at 
Duane Street. The feeders run underground from the generating 
station to the substation, the battery receiving energy during the 
period of light load, and working in parallel with the generator and 
thereby reducing the line drop when the heavy load comes on. 
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The connections are obvious from the diagram. As is shown, 
there are three separate sets of bus bars, at different pressures, and 
any feeder may be connected to any bus bar. The different bus 
bar pressures are obtained by adjusting the end cell switches con- 
nected to them. 

Fig. 255 shows the switchboard diagram for a constant-current 
automatic booster applied to a three-wire system. The lighting load 
is connected between the outsides and the neutral, while the vari- 
able load is connected across the outsides. The battery takes 
all the load fluctuations on the outside mains. The battery is also 
- useful to deliver current to the lighting mains in parallel with the 
generators at times of heavy load. The apparatus and instruments 
shown are: 1 to 9 inclusive, knife switches; 10 and 11, end cell 
switches; 12 is a five-circuit voltmeter switch; 13 and 14, overload 
circuit breakers; 15, an over- and underload circuit breaker; 16, 
overload and no-voltage circuit breaker; 17, booster field rheostat; 
18, automatic booster field regulator; 19, motor-starting switch; 
20, booster armature; 21, motor; 22, voltmeter; 23 and 24 are 
two-way reading amperemeters, and 25 is a one-way reading 
amperemeter. 

Any service which a battery may be made to give on two-wire 
systems may also be obtained on three-wire systems, and, in addi- 
tion, it can be made to act as an equalizer on systems where the 
generators are connected across the outsides, with the single excep- 
tion of the case where lighting and power are furnished from the 
same generators but distributed from separate sets of bus bars, 
the battery taking the power fluctuations. Where this case arises 
the only use of the battery is to take up the power fluctuations; 
it cannot at the same time act as an equalizer to compensate for 
unbalancing of the system. 

It is not necessary here to give further examples of connections 
to three-wire systems, since any application can be made by eal- 
culating the booster and battery equipment for one side of the sys- 
tem as though it were an ordinary two-wire system. Doubling the 
equipment and placing the two halves in series across the outsides 
with the neutral running between them, completes the scheme of 
connections. In the case of the driving motors, it is in nearly every 
instance practicable to use only one motor to drive both boosters. 
This motor is invariably connected across the outsides. It is also 
to be remembered that the voltage between the neutral and each of 
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the outsides is to be kept constant and that a maintenance of the 
proper voltage between outsides is not necessarily the equivalent. 
Therefore, all apparatus for voltage adjustment must relate to 
varying the potential between the neutral and the outsides and 
not simply the voltage across the outsides. 


CHAPTER XLIII. 
LINE BATTERIES. 


Line batteries are those which are connected across the feeder 
system or line some distance away from the generator. The volt- 
age of the line fluctuates with fluctuating load, and the battery 
may simply “float,” taking in current when the load is light and 
the line pressure high, and discharging when the load is heavy, 
assisting the generator and constituting a second source of cur- 
rent at a point where assistance is needed. In this way the voltage 
may be maintained reasonably constant on long lines where the 
maximum currents would cause voltage drops too great for opera- 
tion if the copper were not greatly increased or a battery installed. 
The battery also tends to maintain a constant load on the station 
so far as the particular feeder to which it is connected is concerned, 
and thus bring up the economy of station operation. 

Batteries may also be located at a distance from the power sta- 
tion and have automatic boosters connected to assist charge and 
discharge. 

Floating Batteries. 

Floating batteries work under the best possible conditions, so 
far as their moderate use, prolonged life and low cost of main- 
tenance are concerned, but the maximum rates of discharge, and 
consequently the maximum work, cannot be secured unless the line 
drop is considerably greater than good service will admit. Conse- 
quently it is always better to install a booster, either at the battery 
or in the power station, as will later be explained. 

If the battery only regulates the momentary fluctuations, and its 
state of charge does not materially change, a maximum variation 
in line voltage of about 40 volts above and below the normal, the 
total being 80 volts, will cause satisfactory operation and rapid 
rates of charge and discharge on a 500-volt railway system. 

From these considerations it follows that a floating battery at 


the end of a long feeder may be useful for equalizing fluctuations 
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and keeping down the size of feeders, but not for carrying steady 
peaks. 

Fig. 256 shows the switchboard connections of this system at 
the battery for electric railway service — the only service on which 
large enougk voltage variations to make it operative can be allowed. 

S, and S. are independent single-pole, single-throw switches. 
When §; is open, the battery charges only, and when §; is open it 
discharges only. The voltmeter and amperemeter, which latter 
is a two-way reading instrument showing charge or discharge, 
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Fic. 256. Connections for Floating Battery. 


are not necessary, though convenient. A remote control circuit 
breaker is sometimes connected between the battery and the hand 
switches so that the battery may be disconnected from the circuit 
at some distant controlling point. 

The “floating” battery, as stated, depends entirely on change in 
line drop for its operation. For instance, if the voltage of a system 
be 500 volts, the line resistance to battery .5 ohm, and the average 
load 60 amperes, the voltage at the battery will be 500 — (.5 X 60) 
= 470 volts. If 470 volts be the open-circuit voltage of the 
battery, current neither discharges from it nor is charged into it 
when the average current is passing over the line. 

If the load be decreased to say 20 amperes, the line drop is only 
10 volts and the potential across the line at the battery is 490 volts, 
which, being 20 volts above that of the battery, will cause a charg- 
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ing current to flow. Conversely an increasing load will increase 
the line drop and lower the voltage below that of the battery, result- 
ing in battery discharge to assist the generator, the rate of discharge 
being thus proportional to the load, and inversely proportional to 
the distance between the battery and the load. 

A clearer understanding of this subject may be obtained from the 
following analytical discussion: 


Let Ey = generator voltage. 
E, = battery voltage on open circuit. 
Io = current from generator. 
I, = current supply to load. 
r, = total resistance of circuit exclusive of battery resistance. 
’x = resistance of circuit up to point of application of load. 
7’, — rx = resistance from point of application of load to battery. 
R = resistance of battery (= virtual resistance). 


Call the average charging current I,y amperes when there is no 
load on the circuit. Then 


Eo — Gi x 11) = HK, + Clay x Ros (210) 
or, Ey = Eo —= lie (ry + BR). (211) 


Having determined E, the number of cells in series is fixed and 


2 Ky _ 
is equal to 2057 N. 


The relation between Ix and Ip is established by the following 
equation: — 
Ko -s Torx = (To tay Ix) (r1 = 1x) = Fy ae R (Io cs ES), (212) 


in which I) — Ig is the current from the generator to battery at 
any instant. When (Ip — Ix) is negative (load greater than gen- 
erator current) the battery is discharging. 

Solving for Iy in equation 212, this is found to be 


ees seine Rese San) 
n+R 


which shows the generator current under any conditions of load or 
battery voltage, when the generator is compounded to give a con- 
stant pressure. 

If the generator be a shunt machine another factor must be 
included. Take, for instance, a shunt dynamo that gives 550 volts 
at no load and 520 volts on full load of 150 amperes. 


Io = (213) 
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The maximum voltage is Euax = 550. The voltage at any load 
i i 1 Eyax — Ex 
= Exax — Ih, in which h is a constant = See 


Equation 213 becomes 
= Buax —-E, + 1c (R71 tix) a 
“ TL + R + h 


This equation shows that with a shunt machine the generator 
current variation is less than with a constant potential or compound 
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Fic. 258. Curve of Voltage on Line fed from Two Sources. 


machine, but that the voltage drop is greater at the point of appli- 
cation of the load. 

These formulz, however, cover only the simple case of a single 
load between the battery and the power station. In practice, 
there will be usually several cars or other translating devices, 
between these two sources of current, and the above formule no 
longer hold. In order to compute the voltage drop and the 
capacity of the battery, a solution for a distributed load fed from 
two sources having different electro-motive forces, is necessary. 
This should be carefully followed, since it covers numbers of prac- 
tical cases. It is also the general case of the division of load in a 
line fed from any two sources of current. 

Referring to Fig. 258, Ey and Ey, are the voltages of the two 
sources of energy and V their difference, = Ey) — Ey. 1, 2, 3, 4, 
etc., are the points at which current is tapped off, and d is the dis- 
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tance apart of the taps. It is assumed that the taps are equidis- 
tantly spaced, and that the current is the same through each tap. 

The current from the power station causes a drop along the line 
from Eo towards the right, while from E, the voltage falls towards 
the left. There is some point at which the two opposing voltages 
will be equal, and at this point no current will flow in the line in 
either direction, since the electro-motive forces are in equilibrium. 

All taps to the left of this point will be fed from Ep and all to the 
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Fic. 259. Curve of Voltage on Tine fed from a Single Source. 


right by E,. This condition exists at the point where Ey — Do 
= BE, — D,, in which Dp and D, are the drops from Ep and E,, 
respectively. 

The drop from a source of supply to any point in a line which is 
tapped at intervals along its length, is equal to the sum of the prod- 
ucts of the currents flowing in the line at each of the tap points be- 
tween the source and the point at which the drop is to be found, 
multiplied by the resistance of the line from one tap to the next. 

In Fig. 259, for example, if 100 amperes flow through each 
tap, and the resistance from one tap to the next be .2 ohm, the 
drop from a to b = the total amount of current flowing, multiplied 
by the resistance from a to b, = 500 X .2 = 100 volts. From b 
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to c the drop is 400 x .2 = 80 volts; from ¢ to d = 300 X .2 = 60; 
from d to e, 200 X .2 = 40; and from e to f, 100 X .2 = 20 volts. 
The drop from a to f is = 100 + 80 + 60 + 40 + 20 = 300 volts. 
Of course, this could be figured from e back to a in the same way, 
starting with 100 amperes X .2 as the first computation. 

Referring now to Fig. 258, which represents a line fed from two 
sources, and calling x the distance from Ep to the point where 
Eo— Do = Ex — Dy, assume that this point will fall at a point on 
the line which corresponds to the location of atap. In this case, all 
the taps to the right will be supplied by E, and all to the left by 
Eo, but the tap at which these potentials are equal will be sup- 
plied from both E, and Ep, each furnishing one-half the amount 
taken. 

Call a the amperes per tap, and r the resistance of the line 
between taps. If, for instance, the point x should fall on tap 7, 


the drop at 7 from Eo would be 5ar+5 ar-+ 2 ar, etc., up to 


13 ar : 13 : : ‘ 
pe the last term being the number — , which, in this case, is 


i a 


Ih : : a 
=7—- 5=q79 2 which d = distance between taps and q's 
the number of taps in the length . 
The formula for Dy = drop from Ep» to x then becomes 
ey ALE fe BO aN (5-5)t- 


The quantity in the brackets is an arithmetical progression in 
dp 


which the first term is : and the last term (5 5) and its sum is 


2 


et -HG eg 


Pecan 216 
2 2d ce) 


that is, one-half the sum of the first and last terms, multiplied by 
the number of terms. 


it x\? 
Do = gill (3) (217) 


Calling L the distance between Eo and E,, the latter supplies 
current to that portion of the line which is represented by L — z. 
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In the same way as the foregoing, the drop D, from E, to the 
point L — « may be shown to be 


1 L—2z\? 
5a ( A y (218) 
Since Dp = D, + V, 
ak DN at L—2x\? 
. 5 ar(5) => meet (=>*) + V, (219) 
3? (Li 2)" ENG 
ee Bod? ar 
2 
Rete. ae 
ar 
2 
Die ee, 
ar 
ine Pomaok 
SD ce risk (220) 


That is, the distance of the point to which Ep will feed is one- 
half the distance between the sources of current plus a fraction 
which depends for its value on the difference between Ey and E,, 
the distance apart of the taps, the current per tap, the resistance 
from tap to tap, and the total length from Ep to Ey. 

As an example, assume the following: 

Eo = 550 volts. 
HE, = 450 volts. 
L = 40,000 feet. 
d = 4000 feet. 
a = 40 amperes. 
resistance of circuit = .05 ohm per 1000 feet. 
_ 4000 X .05 
: 1000 
V = 550 — 450 = 100. 
_ 40,000 100 (4000)? 
t= “9 +02 x40 X 40,000 
15,000 feet from Ey. 

This point does not fall on a tap, but passes tap 6 and lies 1000 
feet beyond and 3000 feet from tap No.7. From the conditions of 
flow it is clearly impossible for the actual point of equal voltage to 
come between two taps, as this would mean either that two currents 
flow at the same time in opposite directions, or that electrical 
energy accumulates at some point in the wire. 


= ().2 ohm. 


= 25,000 feet from Epo and 
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In the case under discussion, the position computed simply 
means that E, furnishes a portion of the current to tap No. 6, that 
is, the tap nearest the computed z is fed from both sources, and the 
current supplied by each is inversely proportional to the distance 
from x to tap 6, as related to the distance from tap 6 to tap 7. 

The distance between 6 and 7 is 4000 feet and from z to 6 is 1000 
feet. Therefore, of the 40 amperes furnished to tap 6, one-fourth, 
or 10 amperes, is supplied by E, and 30 amperes from Ep. Com- 
putation of drop shows that with this distribution Dy) = D, + V. 
It is obvious that the drops are less after transferral than those 
first computed, since only a small amount of current flows over the 
line between 6 and 7. 

When the point z falls on a tap, half of the current to the tap is 
supplied by each of the sources. When z falls halfway between two 
taps, it means that no current passes over the line connecting these 
two taps, and the voltage distribution would be the same if the line 
between them were cut in two. If, for instance, x should fall half- 
way between 6 and 7, all current to the first six taps would come 
from Epo, while all to 7, 8 and 9 would be furnished by E,, and the 
potential at 6 would be equal to the potential at 7. The drops 
would also be smaller than the computed, as no drop would be 
caused by the resistance from 6 to 7, since no current would flow 
over this part of the line. 

The current supply from each source can now be determined. 

From Ey = 40 X 5 + 30 = 230 and 
From KE, = 40 X 3+ 10 = 180. 
The total current supplied = 360 or = 9 X 40. 

The voltage of the battery when neither charging nor discharg- 
ing — 2.05 volts per cell—must be equal to the drop from Ey at 
average load. The voltage of the battery on discharge is less than 
this amount by the drop due to the virtual internal resistance, and 
in railway work, where the changes are very quick, may be taken 
as .2 volt per cell. 

EK, is usually taken as 2.05 — 0.2 = 1.85 volts per cell, it being 
assumed that the battery keeps nearly full and is discharged at 
the one-hour rate on maximum load. 

If x happens to fall midway between two taps —that is Ey feeding 
all taps on one side of x and E, feeding all taps on the other side — 
equations 217 and 218 will give results that are too small. Taking 
the conditions shown in Fig, 258; if x should fall midway between 
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taps 6 and 7, the drop Dy would be (ar +2 ar... = 6ar), the 
sum being 
1+6 
ar (“*) 6, 
ber or 
since — 


A is the number of taps in this case, the value of Dp becomes 


jar-+2ar-+3 ar + oa ae 
_ ar ENE Ora ae 
=F (1+ )5-5(5+ 5) (221) 


ar L—-2z\/L—-<2z 
(1 +=77) AF) 
AGE Lieett es (a ee 
=F( d da ). 


and D, becomes 


(222) 


The foregoing is based on the assumption that the road is level 
and all cars or other translating devices are using equal amounts 
of current, and also that they are equally distributed over the line. 
Where there are grades, or the distribution is unequal from any 
cause, there can be no general formula, since a and r vary with 
each case, and no series can be formed. In such cases, the method 
of locating z is by trial. 

Assume x, and compute the drop from Ep and to E,, thus located. 
It Do = D, + V the point is properly located. 

If Do > D, + V, then x has been assumed too great, and another 
trial calculation must be made. If Do < D,+V, x must be 
increased. 

As an example, assume a line with the conditions as shown in 
Fig. 260, Eo = 550, E, = 450, and V = 100. 

Cy, Ce, Cs, ete., are cars, their direction of motion being indicated 
by the arrows. The amperes taken and distance apart of taps are 
indicated in the figure. 

Resistance per 1000 feet = 0.2 ohm. 

Assume x to fall between Cy and C;. Then the drop from Eo 
will be as follows: 


0.2 [(20 + 40 + 20) 5 + (40 + 20) 3 + (20) 7] = 144 volts. 


The multipliers 5, 3, 7 outside the parentheses are the distances 
between the cars, in thousands of feet. 
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In the same way the drop from E, = 0.2 [10 + 40 +35) 4+ 
(40 + 35) 3 + (35) 5] = 148 volts. 

Since Dy < D, + V, a has been taken too small. Assume it now 
at the point a, between C; and Cs. Do = 340 volts. Ds +V= 
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Fic. 260. Voltage and Profile of Electric Railway Line. 


164, therefore x is much too great. Therefore x must fall on tap 
C;, Eo and Ey, each supplying a portion of the current at that tap. 

Omit the current flow to Cs; and compute the drop from Ey to 
the tap nearest Cs, taking current. This point is Cs, and the drop 
to C3 has beenfound to be 144 volts, if the current to C; beneglected. 

Also, neglecting current to C;, compute the drop from Hy to the 
tap nearest C; taking current. This is found to be (50X4+403) 
xX 0.2 = 64 volts. For Do and D, to these nearest taps, the addi- 
tional drop due to current supplied to C; must be such as to pro- 
duce the relation 


Do + alor = V+ Da +7 (Lh — 2) Tas, (223) 


in which Io; is the current supplied to C; from Ep and I; is the 
current supplied to Cs from Ey. Ios + Ins = Is, or the sum of 
the two currents supplied from each source equals the total cur- 
rent to Cs. 

Solving, 
D) + rel; — V — Da 


Tas = *L (224) 
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Substituting the foregoing values and taking distances in thou- 
sands of feet, 


_ 1440.2 X 28 K 25 — 100 — 64 
0.2 X 40 


lis = 15 amperes, 
which is the current supplied from E, to C;. The current from 
Ky to Cs is 25 — 15 = 10 amperes. 

A computation of the voltage drops will now show D, = 200 volts 


ED 


Fic. 261. Voltage of Line fed from Two Sources. 


and D, = 100 volts; the difference = V = 100 volts, which fulfills 
the conditions of the problem. 
' The practical question which usually arises is the case of a feeder 
or line on which the voltage drop is too great and it is desired to 
determine the location of the battery, its voltage and capacity. 
Referring to Fig. 261, L is the total length of the line, Y is the dis- 
tance of the battery from the station, E, is its voltage, and x is the 
point at which Dy = D, + V, as before. 
It is obvious that if the resistance of the line be constant, and a 
minimum voltage over the line is specified, the battery will feed to 
an equal distance in either direction, and 


VY = 7 = D— Y: (225) 


The maximum drop on the line is specified and is equal to the 
drop at x, which is Do. 
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1 2 
From equation 217, Do = 5 ar (G) k 
ages (226) 
ar 
which locates 2. 
From the equation 225, 
Yao, (227) 


which locates Y. 


From the condition that voltage of the generator minus the drop 
to x must equal the battery voltage minus its drop to a, 


Eo — Do = Ex— Dau. .°. Ex = Eo — Do + Da. (228) 


From equation 222, 
ar (/Y — x\? Y-—¢z 
Di=F 5 d y+( d J, 
Be Met elo ae he (229) 


As a practical example, assume a railway 50,000 feet long, and 
distance apart of cars = 5000 feet = d. There will be 10 taps on 
the line. Assume that each takes 30 amperes. Total current = 
300 amperes. 

Minimum allowable voltage at any point on the line is 350 volts. 


Do = 550 — 350 = 200 volts. 


whence 


Resistance of line = 4 ohms. 
_ 4x 5000 

~ 50,000 
V2 X 200 


x = 5000 X 30 ee == 28,810 feet. 


50,000 + 28,810 
2 
p, = 30X-4 ee - asi 39,405 — 28,810 
‘ Da) 5000 5000 . 
12 eee. 10,595 
2 5000 5000 


= .4 ohm for distance = d. 


Y= 


= 39,405 feet. 


) = 39.4 volts. 
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*, E, = 350 + 39.4 = 389.4 for minimum battery voltage on 
maximum discharge. 


The generator supplies oe x 30 = 173 amperes, while the 


battery supplies (10 X 30) — 173 = 127 amperes. Calling this 
the one-hour rate, the capacity of the battery should be 127 x 2 
= 254 ampere hours. 

If the exact solution of this problem is desired, it will be neces- 
sary to transfer x from the point 28,810 feet, which falls 3810 feet 
beyond the fifth tap and within 1190 feet of the sixth, to the sixth 
tap by the method previously given. 
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Fic. 262. Profile and Voltage of Line of Railway fed from Two Sources. 


This transfer will change the location of Y, which should, when 
possible, be placed at a tap point, or in case of moving cars, placed 
in such a position as to be near or at the point passed by a car when 
maximum current is drawn from the line. 

As a practical example of location on a line with grades and 
the determination of the proper voltage and capacity of a battery, 
the conditions shown in Fig. 262 may be assumed. 

Ey = 550, r per 1000 feet = 0.125 ohm. Maximum voltage 
drop = 200 volts. 

From inspection, assume x to be at C; and that one-half the cur- 
rent to C; is delivered from each source. 

The drop from Ep supplying 25 amperes to C;, is 275 volts, which is 
greater than the permissible drop. Now assume Ep to feed up to Cy 
and supply all the current thereto. The drop to Cy, is found to be 
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183.4 volts. This is 16.6 volts less than the permissible drop, and 
some current will be furnished to C, by Eo, the amount being equal to 


16.6 


0.125 029 7 4.6 amperes, 


29 being the thousands of feet from Ep to z. 

Starting from C, at the voltage 350 (= 550 — 200), and working 
towards the right, the curve of drop towards Y is plotted, it being 
remembered that current to C; from E, is 50 — 4.6 = 45.4 amperes; 
and beginning at C, and working towards the left, the curve of 
drop to Y is plotted. The intersection of these curves locates Y 
and gives the value of E,. 

In this case, the intersection falls at point 10,100 feet from C; 
and 10,900 feet from C,, and the voltage E, is 420 volts. This 
corresponds to 227 cells at a minimum voltage of 1.85. The float- 
ing voltage is 227 X 2.05 = 465 volts. If this is greater than the 
average voltage of the line at the point where the battery is located, 
a booster must be installed, which will take up the loss in battery 
voltage on discharge. Asa matter of fact the line voltage with all 
load removed would be only 550 volts less the drop due to current 
supply to battery, and as the resistance from generator to battery is 
about 5 ohms, it is obvious that the 227 cells would receive little 
or no charge. The conditions, therefore, make it impracticable 
to use a floating battery unless some means of increasing the 
station voltage for charge be available. Ifa booster were installed, 
the number of cells required would be = = 205 cells. 

In some cases, the discharge from the battery will be greater or 
less than the amount of charge it receives from the line, depending 
on whether E, is above or below the voltage of the line at the bat- 
tery on average load. If less, the number of cells should be in- 
creased to bring E, up to the average voltage. If greater, the only 
help is a constant-current booster, or more feeder copper, or both. 
If it is not objectionable to raise the voltage of the feeder, the 
booster may be put in series with it, the added voltage being just 
enough to make the line voltage at the battery equal to E, on 
average load, and the carrying capacity of the booster must be 
equal to the average line load. In some cases it may be necessary 
to run an auxiliary feeder to the battery, the constant-current 
booster being in series with it. The carrying capacity of the 
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feeder and booster must be such as to deliver continuously a cur- 
rent equal to the average difference between the amount of current 
put into the battery by the line, and its discharge. 

The voltage must be just sufficient to cause this amount of 
current to flow through the auxiliary feeder into the battery on 
average load. If it is higher, the line will be partly fed from the 
auxiliary feeder and the battery will not do its share of the work, 
and the I?R loss in the feeder will be increased owing to ae increase 
in current through it. 

Consider now the question of difference in cost between the bat- 
tery and a sufficient amount of copper to effect the same result, 
and take, as a concrete example, the case shown in Fig. 262. Take 
the track resistance as equal to .015 ohm per 1000 feet. The 
resistance total per 1000 feet is 0.125, making the feeder resistance 
-11 ohm per 1000 feet, corresponding to about a No. 0 hard-drawn 
copper wire with splices. While this is somewhat small for the 
maximum current carried, it does not affect theresult as to increased 
copper required to maintain the voltage. It is also quite large 
enough for the current it carries with a battery on the line, since 
the greatest current is that from Ey to Cs, which at maximum load 
is 124.6 amperes. 

The drop computed on a basis of 0.125 ohm per 1000 feet is 767 
volts at the end of the line, or far more than the generator voltage. 
If the drop is to be 200 volts, the resistance of the line must be 
at K a .03265 ohm per 1000 feet. 

The resistance of the track being .015, the copper resistance must 
be .03265 — .015 = .01765 ohm per 1000 feet, which corresponds 
to about 610,000 circular mils. The cross section of the trolley 
wire in place is 105,500 circular mils. 

The additional copper required, then, is 610,000 — 105,500 = 
504,500, say 500,000 circular mils. Taking the cost of copper 
erected as 18 cents per pound, including additional cross arms, insu- 
lators, labor, etc., the cost of this copper would be about $14,200. 

The cost of the battery would be as follows: 


equal to 


227 cells of 230 ampere hours capacity at $14.00...... $3,178.00 
eT OM EC aera Merman Beets yee oe $4 oles Rie fates) oS oghis 220.00 
rect lO oe een Et Soe oe oo Sa ne eae lt 380.00 


$3,778.00 
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The large feeder would reduce the I?R loss below that of the 
smaller one — which latter is sufficiently large if the battery be 
installed, but the economy effected by the latter in steadying 
the load on the power station will much more than counterbalance 
this saving in I°R loss. 

The floating battery has the advantage of simplicity, and acts 
instantaneously, as it has no time lag, which is always present in a 
booster, as the latter depends on changes in its magnetization to 
effect changes in voltage. The variation in voltage required and the 
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Fig. 263. Booster and Battery at Distance from Station, Exciter in Station. 


fluctuation in generator load are, however, too great to admit of 
successful operation on any but a railway or power circuit, and gen- 
erally, a proper booster would help the regulation greatly. 

Booster-controlled Line Batteries. 

As has before been pointed out, fewer cells are required, their 
size may be less, and the regulation improved if line batteries are 
controlled by automatic boosters instead of depending on voltage 
changes in the line itself for causing charge and discharge. 

There are several methods of arranging boosters for this service. 
Of course, a reversible booster can be installed at the point where 
the battery is located, but the objection to operating commu- 
tating, dynamo-electric machinery without attendance makes this 
arrangement unsuitable except in the case of large substations. 
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One method of placing the booster at the battery that has been 
successfully used is indicated in Fig. 263. 

The booster, which is a separately excited machine, is placed in 
the battery substation, while the exciter is placed in the main sta- 
tion. No special feeder is necessary from the main station to the 
substation, only the two exciter wires which carry but a few am- 
peres — from 4 to 6 amperes with a 50-K.W. compensated booster. 

In this case, the exciter has a shunt coil as well as the usual series 
winding, the two being in opposition. The resultant magnetization 
is zero at normal load, changing up or down with variation of load, 
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Fic. 264. Connections for Line Battery with Station Booster. 


correspondingly changing the current in the exciter field, both in 
direction and intensity. The net result, of course, is to produce a 
booster voltage of such magnitude and in such a direction as will 
cause the battery to meet the load changes. 

The booster is provided with a few series turns in addition to the 
regulating exciter coil. The series coil produces always an excita- 
tion which opposes that of the externally excited coil. The object 
of this opposing series winding is to limit the battery discharge or 
charge when the load changes greatly from the normal. In such 
cases, the generator must work at an overload or underload rate for 
the time during which the excessive load orvery slight load may last. 

This limiting effect can be produced by winding booster to work 
up to the knee of the magnetization curve, and when this limit is 
reached the voltage will not increase proportionally to the load. 
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The location of the battery and the booster is determined in the 
same manner as the location of a floating battery. The better 
practice, except in special cases, is to install the booster in the 
power station. This method requires the use of a non-reversible 
booster, and unless the line voltage at the station can be raised 
about ten per cent, a special feeder from the station to the battery 
must also be put in. 

Fig. 264 shows a diagram of connections for an externally con- 
trolled, non-reversible booster in the power station, regulating a 


Lire Voltage 


24 £6 ie 
Thousands of Feet 
r per 1000 feet =0./7/5 Ohrrs 


Fic. 265. Loadings and Line Voltage of Railway fed from Two Sources. 


distant battery through a special feeder. To bring out clearly 
the methods of computation for this system, the following example 
is given. 

Generator voltage, normal, 550 volts. 

Length of line and loadings as given in Fig. 265. 

Minimum voltage on line for these loadings, 400 volts. 

Then generator can feed out to such a point as will give a feeder 
drop of 550—400=150 volts. Assume that the trolley wire is No.00 
B. and 8. gauge and that there is no feeder in parallel with it. Resist- 
ance per 1000 feet of copper=0.08 ohm. Take the track resistance 
as 0.0054 ohm per 1000 feet, which corresponds to the resistance 
of a well-bonded, single-track road laid with 70-lb. rails. Total 


LINE BATTERIES 619 


resistance of 1000 feet of circuit is 0.08 + 0.0054 = 0.0854 ohm. 
The product of amperes X thousands of feet through which the 
hs 
generator will feed with a 150-volt drop = see = 1756 thou- 
sands of ampere feet, which will be denominated M.A.F. 
Products of the amperes X thousands of feet for the several cars 


are of 


C,=40X4=160;. GQ =15X 9 = 135; CG; = 30 X 16 = 480; 
Cr= 35 X20 = 700; C; = 50 X 29 = 1450; C; = 0 x 30 = 0: 


By inspection the generator will feed out to Cy. Total M.A.F. to 
Cz, = 160 + 135 + 480 + 700 = 1475. This is a less number of 
M.A.F. than the 1756 computed, from which it is seen that the 
generator feeds to C, and also delivers some current to C;. 

M.A.F. forC; = 1756 — 1475 = 281. Amperes to C; == = 
9.7 amperes, the factor 29 being the distance in thousands of feet 
from the generator to Cs. 

Curve No. 1 shows the drop from station to C;. Starting from 
C,; and working outwards, away from the power station, plot the 
curve of voltage drop upwards, thus: 

Current to C; from battery = 50 — 9.7 = 40.3 amperes. 

Distance from C; to C; = 9 thousand feet. (Cs omitted because 
current is zero.) Drop from C; to C; = 40.3 X 9 X 0.0854=31 
volts. 

The potential at C; then is 400 + 31 = 431 volts 

Distance from C; to Cs = 6 thousand feet. 

Drop from C; to Cs = 40.3 + 20 amperes X 6 X 0.0854 = 31 
volts. 

The voltage at Cs then must be 31 volts greater than at C; and 
its voltage therefore = 431 + 31 = 462. 

Begin now at Cy, taking it as 400 volts, and in a similar fashion 
work back to Cs, at which point the voltage will be 482.5 volts. 

Curves 3 and 4 show the curves of drop from Cy to C; and from 
Cs, to Cy respectively. Their intersection shows the point at 
which the battery should be located, and the elevation of this inter- 
section shows the voltage of the battery when discharging its maxi- 
mum current. This point is located 42,450 feet from the station 
and 56,000 — 42,450 = 13,550 feet from the end of the line. 

The voltage of the battery is 452 volts. If this is the pressure 
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when discharging and the volts per cell are 1.75, the number of cells 

452 . 
= a = 258. 

Volts when floating on line = 2.05 X 258 = 530 volts. 

Volts on charge up to 2.3 volts per cell = 2.3 X 258 = 594 volts. 

Maximum current supplied by the battery is 40.3 amperes to Cs, 
and all the current from C; to Cy) inclusive = 145.3 amperes. 

If this is twice the average load, the booster in the station must 
supply continuously 73 amperes over a special feeder. To deter- 
mine the drop allowable in the feeder, the continuous loss plus 
the interest on the copper must be equated against the cost of 
current and interest on the cost of the booster, and the booster 
voltage obviously increases with the volts drop in the feeder. 

Assume this quantity to be computed and the most economical 
drop found to be 105 volts. 


: 105 
Resistance of feeder = 73 = 1.44 ohms. 
Length of feeder = 42,450 feet. 
Resistance per 1000 feet = a = 0.034 ohm, corresponding to 


a 300,000 cm. cable. 

Its weight will be 920 Ibs per 1000 feet, and it will cost around 
18 cents per lb. erected, or $165.60 per 1000 feet, the total cost being 
$7029 

The booster will have to give a maximum voltage of 594 + 105 
— 550 = 149, say 150 volts, and its size will be 150 X 73 = 
10.95 K.W. The battery overcharge will be with say 35 amperes, — 
when practically all load is off the line, the drop being 35 X 1.44 = 
50.5 volts, so that the charging voltage will be 550 + 150 — 50.5 


649.5 
aa = 2.55 volts per cell. To obtain a 
58 


= 649.5 volts, which is 


“boiling” voltage of 2.6 volts per cell the generator voltage will 
have to be raised about 12 volts, unless the booster be made to 
give 163 volts maximum. In this latter case its capacity will be 
163 X 73 = 12 K.W. 
The normal booster voltage will be 530 + 105 — 550 = 85 volts. 
Lyf i 
Size of motor = a =7.2K.W. .86 being the assumed 
86% 
efficiency of the booster. 
The booster voltage at the time of battery discharge will be 
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452 + 105 — 550 = 7 volts. The pressure at E will obviously rise 
and fall with the changes in load on the system. The current in 
the feeder, and therefore the drop through it, will be constant, the 
booster voltage rising and falling with the voltage at E. In the 
figure the straight lines from E to the left end of the figure and 
making an angle with the horizontal, represent the drop in the 
feeder and the pressures at its two ends, for the three conditions of 
battery charge, floating, and discharge. The distance of the left 
end of each of these lines above the generator voltage shows the 
voltage of the booster. 

Although the battery voltage rises above that of the generator, 
there will be no discharge to the station, as the track between the 
battery and the station will always have some load on it, and any 
attempt of the battery to feed back to the station would be followed 
by a diminution of battery voltage which would drop until some 
point of equilibrium would be reached at which the generator volt- 
age — drop = battery voltage — drop. 

Cost of motor and booster with automatic regulator will be 
approximately $800.00, installed. Battery cells, to give a discharge 
of 145.5 — 73 = 72 amperes. If this is the 1-hour rate, the size of 
the battery is 2 X 72 = 144 ampere hours. Cells of this size are 
very small and would have no reserve capacity; 250-ampere-hour 
cells should therefore be adopted. The cost of the battery installed 
would be about $3600.00. The total cost, therefore, would be 
$11,429.00, to maintain the voltage within a minimum of 400 volts 
over a line 10 miles long and regulate a portion of the load. 

If the minimum current to the line is one-third that of the maxi- 
mum, the output of the generator, without the battery in service, 
will fluctuate between 92 and 275 amperes. With the battery, the 
fluctuation will be between 92 + 73 and 275 — 72 or between 165 
and 203 amperes, which is reasonably constant, and the reduction 
in the amplitude of the fluctuations will result in more economical 
operation of the steam plant. 

If a feeder were put in without a booster and of such area as to 
give a drop of 98 volts when 143.5 amperes flow through it, and 
running from the station to a feed point located in the same place 


as the battery, its resistance would be as = 0.682 ohm. 
Resistance per 1000 feet = Ue 0.0161 ohm. 


42.45 
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This corresponds to a 650,000 cm. cable weighing 1990 lbs. 
per 1000 feet. At a cost of 18 cents per lb. erected, this feeder 
would require the investment of 1990 X 0.18 & 42.45 = $15,205.00, 
which is $3776.00 more than the cost of battery booster and feeder 
when the battery is installed. 

The losses in the large feeder are less than the small one carrying 
a constant load, but this advantage is more than offset by the better 
regulation obtained by use of the battery and consequent saving 
at the station. Also with the battery, the cars C; to Cy inclusive 
could be operated for more than an hour in case of an accident or 
breakdown. If the voltage to be maintained were higher than 
400, say 450 volts, the saving of the battery and auxiliary equip- 
ment over the cost of a large feeder will be still greater than in the 
case above computed. 

To find the maximum current required for a railway at any time, 
a train sheet should be laid out, in the usual form, with the dis- 
tances as ordinates and the abscisse representing time, diagonal 
lines showing the location of any car or train at any time. By in- 
spection, concentrations of load can be located, and by taking a 
number of intervals separated by a few minutes only, and assigning 
to each car the current required at the instant taken, curves of cur- 
rent consumption, both total and for any given section of the road, 
may be plotted. 

To facilitate the computation a profile of the road should be laid 
out on the same sheet, running parallel to the ordinates. The 
train sheet should be laid out to a large scale if there are many 
grades in the road. Particular attention must be paid to starting 
ears, and the current consumption of the whole system or section 
computed for the instant of each start. 

Three-wire Substations. 

Large direct-current, three-wire distributing systems usually 
have a storage battery substation at some point near the end of a 
heavily loaded line, and although these stations have boosters, end 
cell switches and other apparatus in them and are looked after by 
regular attendants, they may be termed line batteries. 

A diagram of connections and a description of an installation of 
this kind are given in Chapter X LHI. 


CHAPTER XLIV. 
PLANT EFFICIENCY. 


THE efficiency of batteries on storage and regulation service has 
been previously treated in Part I, Chapter XII. The addition of 
boosters, of course, lowers the efficiency somewhat, but not so much 
as might be at first supposed. 

Consider first a case of regulation on a system supplying fluctu- 
ating load, such as is shown in Fig. 267. 

The average load to be furnished by the generator is 605 amperes 
and is indicated by the horizontal dotted line. The readings are 
taken at intervals of fiveseconds. The battery is to absorb all the 
excess current when the external load falls below the 605 amperes 
line, and deliver all current required above this amount. 

As has been shown in Chapter XXXV the maximum motor 
current at the time of maximum discharge and minimum bat- 
tery voltage is approximately 334 per cent of the battery cur- 
rent to the line. On this basis, the maximum battery current is 
300 + 100 = 400 amperes. The booster must therefore pass this 
current, and if the normal current rating of the booster be 25 per 
cent of this, 100 amperes will be its rated carrying capacity. This 
assumes an interpole or compensated winding booster. 


The battery being for regulation only, the number of cells = ope 


it being assumed that a booster in series with the battery will be 
used, the voltage of which is zero at) normal load. In this case, 
the voltage of the system is 220, and the number of cells, therefore, 
220 


2.05 
overcharged, is 107 X 2.6 = 278 volts, of which 278 — 220 = 58 


volts must be furnished by the booster. Rating of booster is 
therefore 58 X 100 = 5.8, or say 6 K.W. 

The maximum continuous booster output is when overcharging 
the battery at the 8-hour rate. Since the regulating rate of the 


battery is 400 amperes, its capacity is 400 ampere hours, and the 
523 


= 107. The maximum voltage of this battery when being 
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current rate for 8 hours = 50 amperes X 58 = 2.9 K.W., which 
is the booster output on battery charge. 

The maximum output on regulation is when the battery voltage 
has fallen to 1.65 volts per cell and the maximum discharge of 
300 amperes to the line and 100 amperes to the motor, or total of 
400 amperes, is delivered by the battery. Booster pressure = 
220 — (1.65 X 107) = 43.5 volts. Booster output= 400 X 43.5 = 
17.4 K.W. The motor output for this load = pe a 20.2 K.W, 
0.86 being the booster efficiency. 

If an interpole or compensated motor be used, a normal rating of 
25 per cent of the maximum, or 5.05, say 5 K.W., may be used. 

lf the efficiencies of motor and booster are each 86 per cent at 
full load, the losses will be 14 per cent, divided as follows: 

3% friction and windage. 
4% iron loss. 

4% copper loss in fields. 
3% copper loss in armature. 

The constant loss for the booster is simply friction, or 4 per cent, 
which is 0.04 & 6 = 240 watts. The constant loss for the motor is 
the sum of ail the losses except the armature copper loss, and is 
0.11 X 5 = 550 watts. 

From the load curve it may be found that the average booster 
discharge throughout the time over which it extends is 22 amperes. 
The average charge is likewise 22 amperes, making the equivalent 
of 44 amperes plus the motor current flowing continuously through 
the booster. Remembering that this 44 amperes is made up of both 
charge and discharge currents, the booster voltage is proportional 
to an average charge or discharge of 22 amperes. The virtual 
resistance of the battery is about 0.0625 ohm, so that the average 
booster volts are only 22 X 0.0625 = 1.375 volts. Therefore 
the motor current to supply booster energy is negligible. The 
iron loss in the booster is proportional to its (voltage)!® and for 
58 volts = 4% of 6 K.W. = 240 watts. For less than 2 volts this 
loss would be less than 1.2 watts, which is also negligible. The ar- 
mature loss is proportional to the (current)? and for 100 amperes = 


CEN 
3% of 6 K.W. = 180 watts. Loss for 44 amperes = (100)? X180= 


34.8 watts. Copper loss in fields is proportional to the (voltage)? 
For less than 2 volts this loss is negligible. 
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Loss through regulator (assumed), 140 watts. 

Total average losses then are 240 + 550 + 34.8 + 140 = 964.8, 
say 965 watts. 

The average voltage of charge being 220 + 1.375 = 221.375 
volts and the time covered by the curve being 1000 seconds, the 
energy taken from the battery is 22,000 ampere seconds = 22,000 
< 221.375 = 4870 K.W. seconds. Assuming the battery efficiency 
on regulation to be 92%, the loss in the battery is 


.08 < 4870 = 389.6 K.W. seconds. 


Summing up the losses: 
Booster, motor and regulator = 965 X 1000 = 965 K.W. secs. 
Battery 389.6 K.W. secs. 


The total being 1354.6 K.W. secs. 
The total energy delivered to the line from the battery is 4870 
K.W. seconds, and the total energy taken from the system for 
battery charge is 4870 + 1354.6 = 6225.6 K.W. seconds. Effi- 


aor ae 78 per cent. This 
figure, however, gives no conception of the effect on the station, 
which, after all, is the crux of the discussion. 

The total output of the plant during the period covered by the 
curve was 605,000 ampere seconds, or 605,000 X 220 = 133,100 
K.W. seconds. The losses were 1355 K.W. seconds and total 
energy generated was 133,100 + 1355 = 134,455 K.W. seconds. 
133,100 
134,455 

For a loss of 0.8 of one per cent of the total energy generated, 
fluctuations which vary as much as 50 per cent of the average out- 
put have been taken off the engines and dynamos with a conse- 
quent saving of from 10 to 20 per cent in fuel consumption. The 
battery, motor and booster losses are therefore negligible as com- 
pared with the total load steadied and the saving resulting there- 
from. The steam consumption of engines working at a steady rate 
is much less than when supplying a fluctuating load, if the horse- 
power hours for a given length of time be the same in either case. 
The saving due to working at a constant output is greater with 
reciprocating engines than with steam turbines, the steam con- 
sumption curve of the latter type of prime mover being much flat- 
ter than the corresponding curve for reciprocating engines. In 


ciency of battery equipment is therefore 


= 99.2 per cent plant efficiency. 
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certain types of single-valve, high-speed engines, the steam con- 
sumption per horse-power hour, on a load fluctuating between zero 
and 125 per cent of the normal rated output of the engine, the 
average load being about 75 per cent of the engine rating, will be 
70 to 80 per cent greater than if the same engine worked constantly 
at the 70 per cent load. 

In order to settle the question of saving, a curve of steam con- 
sumption at various loads such as is shown in Fig. 268 must be 
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Fig. 268. Curve showing Variation in Steam Consumption of Engine with Load 
Changes. 


plotted. From the curve of fluctuating load take points, and from 
these plot another curve having the same abscisse as the load 
curve, the ordinates being equal to the steam consumption per 
horse-power hour for the particular value of load at the point taken 
multiplied by the number of horse-powers indicated at that point. 
The average of the resulting curve will be the steam consumption 
of the engine for the fluctuating load. 

The curve of steam consumption per horse-power hour must pe 
for delivered electrical power and not simply indicated horse 
power. 

In the case of equipments to carry load peaks, the computations 
do not show so marked an advantage, and indeed there are many 
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cases where it is more economical to carry the peaks with generat- 
ing machinery if the sole office of the battery is to handle these 
excess loads, and the features of reliability, equalizing, maintenance 
of constant bus bar voltage and the other advantages which go to 
make a battery of value in a station, be neglected. 
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Consider a plant working on 110 volts, having a load curve such 
as that shown in Fig. 269 and equipped with generating machinery 
to carry 1600 amperes. The peak rising above 1600 and shown 
by the cross-hatched area and representing 1530 ampere hours, is 
to be carried by a battery of 61 cells. 

From the charge and discharge curves shown in Fig. 270, which 
are for the 5-hour rate of charge and 2-hour rate of discharge, it is 
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found that the average voltage of charge is 2.29 and that of dis- 
charge 1.93 for the particular cell from which the curves are taken. 

The ampere hour efficiency may be taken as about 90 per cent. 
Then ae = 1700 = ampere hours of charge. The voltage added 
to this charge by the booster is 61 (2.29 — 1.93) = 22 volts. 

22 X 1700 = 59.4 K.W. hours added by booster. 

Assuming the motor and booster efficiencies as 88 per cent each 
for machines as large as these, the combined efficiency is 77.5 per 
cent. The energy taken from the switchboard by the booster 
motor is 

59.4 
775 = G5 TW hours. 

The total energy taken from the switchboard, then, is 76.5 + 
(1700 X 110) = 263.5 K.W. hours. 

The battery puts back into the line 


1530 X 1.93 K 61 = 180 K.W. hours, 


and the loss is 83.5 K.W. hours. 

The efficiency of the battery equipment then is saa = 68.3 
per cent. 

The total station output is 22,430 ampere hours, which, at 110 
volts = 2467 K.W. hours. 

The total energy generated is 2467 + 83.5 = 2550.5 K.W. hours. 
2467 
2550.5 

cent of total daily output. 
Assume the efficiency of the engine and generator to be 90 per 
cent each. The combined efficiency = 81 per cent. Then 180 
, 180 X 1.34 ; 
K.W. hours at the switchboard = Sti Pea 298 cylinder or 
indicated H.P. required, and the 263.5 K.W. used in charging the 
435 
298 
horse power which the battery discharges on the peak, 1.46 in- 
dicated H.P. must be developed in the cylinder, or nearly 50 per 
cent excess. 
As to whether this increased power can be produced at a less cost 
at certain periods of load than the amount discharged into the line 


Efficiency of plant = = 96.8 per cent. Loss = 3.2 per 


battery = 435 indicated H.P. = 1.46. Therefore, for each 
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can be at the time of heavy loads, depends on the type of station, its 
steam and generating equipment, and the character of the load. 
As has been stated, the change in steam consumption with change 
in load is comparatively small for steam turbines. Fig. 268 is a 
typical curve for high-speed, reciprocating engines. 

From this curve, it is seen that the fuel consumption per H.P. 
hour increases rapidly as the load decreases. This curve is not 
applicable to any general case, but varies for each particular sta- 
tion. If the unit be of 250 K.W. normal capacity and is working 
at the 100 K.W. rate, it is costing 70 cents per hour for fuel at this 
40 per cent load. If the 146 H.P., before computed, be added to 
the generator load to charge the battery, the total load will be 
100 + 146 = 246 H.P., or practically full load. Cost of fuel per 
hour = 246 X 45 = $1.10. The additional fuel cost to charge 
the battery then is $1.10 — 70 = 40. The battery will give out 
100 K.W. hours for the 146 charged into it. If, at the time of the 
peak, the whole plant were run at full load, it would cost 45 cents 
to generate the 100 K.W. hours. This shows a saving of 5 cents, 
or 11 per cent, in fuel by using the battery to carry the peak of 
the load. If the plant were not running on full load the saving 
would be still greater. Also, if the boiler capacity of the plant is 
smaller than it should be for handling the peak, the saving in 
favor of the battery will still further be increased. 

On the other hand, if at light load the units at work are deliver- 
ing an output near their full load capacity and to charge the battery 
another unit would have to be started up which would not be fully 
loaded by the battery, and the generating and steam equipment is 
properly proportioned to handle the peaks, then the installation of 
a battery for the sole purpose of handling the heavy load would 
result in a positive loss. 

It therefore depends entirely on the character of the station and 
its equipment, whether or not a battery is the most economical 
apparatus to take care of a steady overload. 

In most stations, however, the regulating effect and guarantee 
against breakdowns are the chief factors which influence the instal- 
lation of a battery plant. 


CHAPTER XLV. 


EXCITER BATTERY INSTALLATIONS. 


Ons of the principal uses of storage batteries is to act as a reserve 
source of excitation for alternating-current generators in large 
power stations. The battery is connected across the exciter bus 
bars and, therefore, is always in parallel with the exciting generators. 
The battery does no work, and, normally, does not either receive 
current from or deliver it to the bus bars. Its sole function is to 
stand always in readiness to take the excitation of the alternators 
in case the exciters should fail, and thereby prevent the shut down 
of the entire station. Such batteries are usually small and com- 
paratively inexpensive, and since they are kept fully charged and 
are but little used, their maintenance cost is very low and life 
almost indefinitely long. 

Usually they “‘float’”’ across the bus bars, and the bus bar volt- 
age being practically constant, there is no current flow either into 
or from the battery. Under this condition a large number of the 
cells are end cells, and an end cell switch is used, which has a 
correspondingly large number of points. The object of the large 
number of end cells is to enable discharge to continue down 
to 1.55 or 1.6 volts per cell if the battery must deliver current 
for an excessive length of time as compared with its normal 
rating. 

Installations have been made in which boosters are used instead 
of end cell switches, as will be later described. 

The size of battery adopted depends on the conditions. In some 
cases the battery is large enough to supply the total exciting cur- 
rent for the station for half an hour, while in other cases the ca- 
pacity is large enough to furnish this current for two hours. A 
battery which will supply the exciting current for an hour when the 
load is heaviest should be amply large. The time of current supply 
from the battery is only that required to get the exciter back into 
operation, and unless an injury has been done that is so serious as 


to make repairs a matter of several hours delay, it usually will 
531 


532 STORAGE BATTERY ENGINEERING 


require only a few minutes to locate the trouble and put the exciters 
to work again. 

Where the number of cells is large, it is necessary to arrange 
some means for keeping them fully charged. One method is that 
described in Chapter XLII, where the battery is divided into two 
parallel groups for charging. Another arrangement is that of an 
ordinary charging booster which is used about twice each month 
to bring the battery up to fullcharge. The booster may be in series 
with the battery, or it may simply be connected across the end 
cell switches as shown in Fig. 271. In this latter case the booster 
charges only the end cells, and the main battery is charged by the 
exciters. 

If the exciter bus bar voltage be 125 volts and the cells are to 


Exciter Bus Bars 


uo 


=a 
frnd cell sw. 


Fic. 271. Connections for Exciter Battery with Booster. 


discharge down to 1.6 volts per cell, the number of cells = > = 


78 cells. 
Maximum charging voltage = 78 X 2.6 = 203 volts. 
Maximum booster volts = 203 — 125 = 78 volts. 

125 


Tike vy 


No. of cells floating across bus bars = 


No. of end cells = 78 — 61 = 17. 

End cell switch points = 18. 

If booster is connected across end cells, the main battery cells 
must be brought up to 2.6 volts per cell by the bus bar pressure. 
Therefore the end cell: switch must have a sufficient number 
125 , : 
ao = 48 cells, in which case the number 
of end cells = 78 — 48 = 30 and the number of end cell switch 
points = 31. Obviously the simpler and less costly equipment is 
to connect the booster in series with the bus bars for charging. 


of points to cut out all but 
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All the foregoing applies to exciter systems in which the exciter 
bus bar voltage is fixed and constant. The arrangements described 
are not practicable in stations where exciter voltage regulators 
are used which automatically change the exciter voltage to corre- 
spond with load changes on the alternators. 

In the case of current fluctuations, a storage battery tends to 
maintain a constant load on the generator, but when the generator 
voltage fluctuates, a storage battery multiplies variations in load, 
or, if none exist normally, will produce them, so that, far from being 
a power regulator, it becomes an additional varying load. The 
reason of this is obvious after a consideration of the conditions. 
An increase in voltage with a given load across the bus bars means 
an increase in energy output proportional to the square of the 
voltage increase; while a diminution of voltage means a reduction 
in energy likewise proportional to the square of the voltage decrease. 
Also, when the voltage increase takes place, a current flows 
to charge the battery, which flow is proportional to the volt- 
age increase, the energy to the battery being proportional to the 
square of the increase in bus bar pressure. When the voltage 
is diminished the battery delivers current to the bus bars, thus 
decreasing the generator load by an amount proportional to the 
square of the diminution in voltage, and at the same time that the 
bus bar load has decreased. Therefore a floating battery on a 
variable voltage system, in which the external load varies with the 
impressed voltage, augments the load fluctuations. 

For this reason, special regulating means must be adopted for 
exciter batteries connected to voltage-regulated bus bars. One 
method is to put a series booster in circuit with the battery, the 
field winding being connected to produce an electro-motive force 
in a direction to oppose current flow through it. If the bus bar 
voltage is higher than that of the battery and tends to send current, 
through the booster, into it, the current flow through the shunt 
coil will produce a booster voltage to oppose this flow, and if the 
battery voltage is the greater, and tends to discharge to the bus 
bars, the series coil will set up an opposing voltage to prevent this 
discharge. Obviously some current flow must take place to pro- 
duce the required booster voltage, and in order to keep this current 
within small limits it is necessary to use a comparatively large 
size booster with many series turns. Another method is to use a 
booster with a few series turns which act as a pilot field and a shunt 
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winding connected across the booster brushes. When current 
flow takes place through the series winding and a slight opposing 
booster voltage is produced, the shunt coil will also set up a pres- 
sure in the same direction as the series winding, and the effect 
being cumulative, the shunt coil will build up the booster voltage 
until current flow in the series coil is zero, or possibly until it is 
reversed and causes the shunt field to disappear. 

Woodbridge has produced a special form of externally controlled 


Fig. 272. Woodbridge System for Exciter Batteries. 


booster system for this service.* The connections are shown dia- 
grammatically in Fig. 272. 

1—2 represent the main conductors or bus bars of an exciter 
circuit to which current is supplied by the generators G; and Ga, 
for exciting the field coils X, and Xs, the voltage across the bus 
bars 1—2 being varied automatically by a voltage regulator. 
A storage battery B with a booster C in series therewith is con- 
nected across the bus bars 1—2. The booster C is provided 
with a series coil F, which is so connected as to produce a voltage 
in the booster C opposing the flow of current therethrough. <A 
second coil F; is also provided, the current in which is controlled 
by the carbon regulator A. This regulator is fully described in 

* Amer. Pat. No. 941601 
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Chapter XX XV, and consists of two piles of carbon disks H, upon 
which a lever L bears in such a manner that pressure on one end 
of the lever will increase the pressure on one of the piles and 
decrease that on the other. 

The pressure at one end of the lever is produced by a solenoid 
D connected in the battery circuit, the pull of this solenoid being 
balanced by an adjustable spring E at the other end. A polarizing 
coil Q is also shown connected across the battery terminals, which 
serves to polarize the core of the solenoid. Thus any flow of cur- 
rent through the coil D in one direction will pull down on the lever, 
while a flow in the other direction will relieve this pull. The two 
piles of carbon disks are connected in series across the battery ter- 
minals, while the field coil F, is connected between the interme- 
diate point in the circuit between the two carbon piles and the 
middle point of the battery. A flow of current from the battery 
through the coil D in the discharge direction, caused for example 
by a drop in the voltage across 1—2, will so change the relative 
pressures on the two carbon piles H H and therefore their relative 
resistances as to cause a flow of current through the coil F,; which 
will produce a voltage in the booster C to oppose the discharge 
current from the battery. By properly proportioning the parts 
of this apparatus a very small charge or discharge current in the 
battery circuit may be made to produce a voltage in the booster 
C sufficient to compensate for wide fluctuations of voltage on the 
circuit 1—2. 

Connected around the booster C is shown a circuit 3—7 con- 
taining the switch K and a solenoid O. When the switch K is 
closed this circuit serves to connect conductor 1 directly to the 
corresponding terminal of the battery, thereby short-circuiting the 
booster C and permitting the battery to discharge directly into 
the exciter circuit. The switch K is closed by a solenoid R which 
is connected into a circuit leading from one terminal of the battery 
by way of conductors 3, 4, 5, 6, and 2 to the other terminal 
of the battery. There are two interruptions in this circuit 
at P; and P:, which may be closed by contacts mechanically con- 
nected to the corresponding generator switches M; and Mp and are 
thus closed when these generator switches are open. The circuit 
4—5—6 is therefore completely closed only when both generator 
switches M; and M, are open. So long as either generator G; or 
G, is supplying the current to the circuit there will be no current 
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in the solenoid R and the switch K will remain open. If, however, 
both switches M,; and M, are open so that the normal supply of 
current from the generators G,; and Gg, to the exciter circuit 
is entirely interrupted, current will flow through the solenoid R, 
closing the switch K and connecting the battery directly across the 
bus bars 1—2, permitting it to furnish the current supplied from 
those bus bars. By closing the switch K a short circuit is estab- 
lished around the booster. This latter is protected from an exces- 
sive flow of current under these conditions in two different ways. 
First, the effect of a flow of current in the fleld coils F; and F, (the 
latter being produced by current in the solenoid D) will produce a 
booster voltage tending to oppose this flow of current and limit it 
to a negligible amount. Second, the flow of current in the solenoid 
O will open the switch N and disconnect the booster. 


CHAPTER XLVI. 


ALTERNATING-CURRENT SYSTEMS. 


SINCE the storage battery is operative only on continuous cur- 
rent, it can be used only in connection with alternating-current 
systems by the interposition of some current-rectifying means. 

There are three devices for rectifying the alternating current, 
viz., the mercury vapor rectifier, the motor generator, and the 
rotary converter. 

The mercury vapor rectifieris not reversible, 7.e., it cannot change 

direct into alternating current, and therefore it can only be used 
for charging batteries or delivering current to circuits which have 
their load changes regulated by batteries. 
' The motor generator and the rotary converter are reversible, 
and, in connection with a battery, with proper auxiliary appara- 
tus or particular methods of construction later to be outlined, 
may be made to regulate a fluctuating alternating current. A 
battery then may be made to 

(1) Receive charge from an alternating-current circuit. 

(2) Regulate the load on a direct-current circuit fed from an 
alternating-current circuit. 

(3) Furnish storage for a direct-current system fed from an alter- 
nating-current circuit. 

(4) Regulate the load on an alternating-current circuit. 

(5) Furnish storage for an alternating-current circuit. 

(6) Regulate the load on both an alternating-current circuit and 
a direct-current system fed from the alternating-current circuit. 

(7) Furnish storage for both an alternating-current circuit and a 
direct-current system fed from the alternating-current circuit. 

The first three cases present no problems that have not been dis- 
cussed in previous portions of this work. The battery simply regu- 
lates a direct-current load delivered at constant potential, and it 
makes no difference whether the source is a direct-current genera- 
tor or rotary converter. It is only necessary to put in a booster 
with its driving motor and a regulator in the direct-current side of 
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the system between the source of power and the load, just as has 
been set forth in preceding chapters. The regulation of alternating- 
current or mixed systems presents more difficult conditions and 
these are discussed in subsequent chapters. 

Figs. 273 to 278 inclusive represent the principal methods of reg- 
ulating alternating and mixed systems by storage batteries and 
proper apparatus. In each of the figures A is the source of alternat- 
ing current, B a booster, C a controller responsive to fluctuations 


Fic. 273. Motor-Generator Regulating System. 


in the alternating-current circuit and working to regulate the 
field F, M is a motor, G a generator, R a rotary converter. 

The figures are all diagrammatic, and no switches, meters or 
other devices are shown. Fig. 273 shows a direct-current generator 
driven by an alternating-current motor, a battery being connected 
across the brushes of the generator. The generator field F is 
varied by controller C responsively to changes in the alternating- 
current load, so that the field excitation is diminished with increase 
inload. This allows the generator voltage to fall below that of the 
battery, which latter discharges into the generator, causing it to 
become a motor driving the alternating-current motor M as a 
generator and thus feeding the alternating-current circuit. When 
the load is normal neither motor nor generator does any work, and 
the voltage of G is equal to that of the battery. 

By proportioning M and G to take additional load, a generator 
on the same shaft will be driven and another form of power may be 
supplied, either single-phase, alternating-current, constant poten- 
tial, direct-current or multiphase, alternating current of a frequency 
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different from that of the main system. Such an additional gener- 
ator is indicated in dotted lines. Obviously any load change on 
this third machine will be equalized, because such change will cause 
a variation in the energy delivered by the alternating-current 
system to the driving motor, and this will produce a change in 
the field excitation of G such that the battery will discharge on 
increase in load on the third machine, causing G to assist M in 
rotating the shaft. 

Also, direct current may be taken from the brushes of G, but its 
voltage will fluctuate between the maximum and minimum values 
of battery voltage. 

Fig. 274 shows an arrangement similar to that shown in Fig. 273 
but with a booster in the line between the battery and the genera- 
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Fic. 274. Motor-Generator and Booster Regulating System. 


tor brushes. The booster in this case is mounted on the same 
shaft as M and G and is driven by whichever of these machines is 
acting as a motor, by M on charge and G on discharge. As in the 
first case, a third generator may be mounted on the shaft provided 
M and G are proportioned to drive it, and also take care of the 
energy that must be provided for on charge or discharge. 

Direct current may be taken from the brushes of G, which 
is slightly variable, the variation being that due to the current 
through G multiplied by the resistance of its armature. 

Fig. 275 shows a rotary converter with an alternating-current 
booster on’ the same shaft and both, of course, running synchro- 
nously. The controller C regulates the field of the booster and in 
this way the voltage at the rotary slip-rings is varied with varia- 
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tion in the alternating-current load. This varies the direct-cur- 
rent voltage and causes the rotary to change from a “direct ” to 
an “inverted” condition, receiving alternating current and convert- 
ing it into direct current, which passes to the battery when the 
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Fic. 276. Rotary Converter Regulating System. 


booster voltage is in one direction, or receiving direct current from 
the battery and transforming it to alternating current which is 
fed to the alternating-current lines. 

Although the booster is an alternating-current machine, it, being 
mounted on the same shaft with the rotary, may have a voltage to 
assist or oppose the flow of alternating current from the line to the 
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rotary depending on the field excitation, and in this sense may be 
considered as directional. 

Just as in the case of the previously described mixed systems, an 
additional generator may be mounted on the shaft to deliver cur- 


Fic. 277. Rotary Converter Regulating System. 


Fic. 278. Split Pole Rotary Converter Regulating System. 


rent to asecond circuit. Also, direct current may be taken from the 
direct-current brushes of the rotary, but its voltage will fluctuate 
with that of the battery. 

Fig. 276 shows a rotary converter with a direct-current booster 
mounted on its shaft. The conditions of operation are all just as 
indicated in the description of Fig. 275, except that direct current 
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having a voltage that fluctuates only slightly —1.e., by the amount 
Ir, in which r is the resistance of the rotary armature — may be 
taken from the direct-current brushes. 

Fig. 277 shows the same arrangement, electrically, as depicted in 
Fig. 276, the difference being that the booster is driven by its own 
direct-current motor. The motor may be an alternating-current 
machine if desired. 

Fig. 278 shows the connection for a split-pole rotary converter 
which is for regulating an alternating-current system. As shown, 
the controller C regulates the field of the converter to change the 
ratio of alternating to direct-current voltage, and the same results 
are attained with this single machine as with a standard rotary, 
having a booster in circuit with it. 

There may be many variants of these several methods of regulat- 
ing alternating and mixed systems, and each problem is best met 
by some specific arrangement. Among the foregoing, however, will 
be found the system for nearly any possible condition of service. 
The descriptions of the apparatus employed, analyses of the sys- 
tems described and methods of computation are given in succeeding 
chapters. 


CHAPTER XLVII. 


ALTERNATING CURRENT CONTROLLED 
FIELD REGULATORS. 


Any of the automatic field regulators described in Chapter 
XXXIV may be used for controlling the field of apparatus working 
in conjunction with a battery to regulate the output of an alternat- 
ing-current system, if the actuating windings are made to respond 
to the fluctuations in the alternat- 
ing-current circuit. This can be 
done in several ways. 

If the power factor is reasonably 
constant and the load is balanced 
on the phases, a current trans- 
former having its primary winding 
in series with one of the main wires 
and its secondary connected across 
the terminals of the controller mag- 
net will give fairly good regula- 70 Freq. 
tion and maintain a constant load P'- 27%, Cemectons for Altemating 
on the alternating-current circuit. 

Fig. 279 shows this connection. The form of alternating-current 
circuit on which these conditions would obtain is one feeding 
synchronous motors or rotary converters. 

If the power factor is variable, but the load balanced, a double 
magnet winding is necessary, one winding taking current from 
the secondary of a potential transformer, the other winding tak- 
ing current from the secondary of a series transformer. The 
primary of the potential transformer is connected across one of 
the phases which has as one side the leg in which the series 
transformer is connected. Fig. 280 illustrates this form of 
connection. 

The types of alternating-current circuits on which these condi- 
tions will obtain are those in which the preponderant load is motors 


— either synchronous or induction — or rotary converters. 
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For circuits in which there are both unbalancing of load and 
variation in power factor the connections necessary are shown in 
Fig. 281. As seen, this comprises two separate magnets working on 
the same stem, which transmit their combined pull to the regulator. 
Each magnet has two windings on 
it, one a pressure, the other a cur- 
rent winding. Connected to the 
alternating-current circuit to be 
regulated are two potential and two 
series transformers, the secondaries 
of which are connected to the re- 
spective pressure and current coils 
of the two magnets. This arrange- 
ment gives a total magnet pull 

Fic. 280. Connections for Alternating proportional to the enerey in the 
Energy Controlled Regulator. circuit and therefore compensates 
for any change in power factor. 

Obviously the magnets must have laminated magnetic circuits. 
The magnet pulls and construction of the regulators will be in no- 
wise changed from the values and forms required for direct cur- 


Fie. 281. Connections for Alternating Energy Controlled Regulator. 


rents, except in the matter of the lamination of the magnet cores 
and magnetic circuits and the form of winding necessary. 

Many other possible arrangements will suggest themselves to 
the engineer as the need may arise. It is desirable therefore to 
study carefully Chapter XXXIV, in which is given a complete 
discussion of the principal regulators and their actions. 
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An ingenious form of alternating current controlled regulator is 
that of Woodbridge.* This device is shown in Fig. 282 and consists 
of an armature B provided with a bi-polar winding revolving in a 
four-pole field frame. This armature is connected by suitable 
collector rings (not shown in the drawing) to the secondary 
windings of three current transformers T,, T,, T;, whose primaries 
are connected in series with the alternating-current circuit 1, 2, 3, 
supplied by a source, A, whose load is to be controlled. The alter- 


Fic. 282. Woodbridge Alternating Energy Controlled Regulator. 


nating current thus transmitted through the armature winding 
would, if the latter were stationary, produce a revolving field pro- 
portional to the output from the source, A. The armature is, how- 
ever, rotated by means of a synchronous motor in the opposite 
direction to that of the field rotation so as to hold this field station- 
ary in space. There will result a stationary field whose axis is in 
the line of the arrow K;. A commutator, C, is connected to the 
armature winding upon which bear two pairs of brushes, 4-5 and 
6-7. The effect of the field K, would be to produce a direct-cur- 
rent electro-motive force between the brushes 4 and 5. A shunt 
winding, 8, on the four poles of this machine, controlled by the 


* Amer. Pat. No. 870150. 
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rheostat, R, may be adjusted to neutralize the field Ky at any pre- 
determined output from the source, A, thus reducing the electro- 
motive force between the brushes 4 and 5 to zero. These latter 
brushes are then short-circuited. If now a slight increase of load 
on the source A should occur, the field K, would no longer be neu- 
tralized by the shunt field winding and an electro-motive force would 
be produced between the brushes4-5, causing a considerable current 
flow between these brushes. This current produces a secondary field 
K, at right angles to the first and of appreciable magnitude; and 
this second field produces an electro-motive force across the other 
pair of brushes 6-7, which are connected to the regulating field, 
F of the booster. In series between the brush 7 and the corre- 
sponding terminal of the field F, is connected a*series winding on 
the poles of the exciter, designed to neutralize the magneto-motive 
force of the current through the armature winding between the 
brushes 6 and 7, so that the output from these brushes will have no 
disturbing effect on the exciter field. 

This type of exciter possesses certain peculiar features in connec- 
tion with alternating-current regulation, which may be briefly 
enumerated as follows: 

It acts as a multiplying device by reason of the magnifying effect 
of the current between the short-circuited brushes, and can there- 
fore be made exceedingly sensitive to small changes in the alternat- 
ing-current load. 

It can be made to respond to any desired phase component of 
the alternating current by a suitable angular relation between the 
exciter armature and the armature of the synchronous motor which 
drives it. Thus for controlling the charge and discharge of a stor- 
age battery this exciter would be adjusted to respond to the energy 
component of the alternating current. 

For controlling the power factor on the alternating-current cir- 
cuit the two pairs of brushes 4—5 and 6-7 may be interchanged 
so that the latter are short-circuited while the former are connected 
to a field winding on any synchronous apparatus connected to the 
alternating-current circuit. The exciter will then be responsive to 
the wattless component of the alternating current and can be made 
to control the field of the synchronous apparatus in such a way 
that this apparatus will supply practically all or any desired pro- 
portion of this wattless current. For controlling both the energy 
fluctuations and the power factor two suchexciters may be operated, 
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one of which is responsive to the energy component and the other 
to the wattless component of current. 

Another feature of this exciter is, that the secondaries of the cur- 
rent transformers may be short-circuited at any time, with the re- 
sult of merely killing the regulating function. It is not necessary to 
disconnect the connections to the collector rings before doing this, 
even with considerable excitation in the shunt field winding of the 
exciter, since the armature reaction is so great that a short circuit 
will produce only a nominal flow of current sufficient to demagnet- 
ize the fields. Similarly, in putting the apparatus into service the 
rheostat, R, if properly calibrated may be set for any desired con- 
stant load on the source, A, and after all the main connections are 
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Fic. 283. Hubbard’s Alternating Energy Controlled Regulator and Exciter. 


closed so that the battery is merely floating on the system, the 
short-circuiting switch across the secondaries of the current trans- 
formers may be opened and the load on the source, A, will immedi- 
ately be held at the constant predetermined value for which the 
rheostat, R, has been set. 

Another regulating device for alternating currents is that of 
Hubbard.* This is devised to regulate the load in accordance with 
the variations in energy, and compensates for power factor. 

A diagram of the arrangement is shown in Fig. 283. It com- 
prises six dynamo-electric machines, exclusive of the booster. 
They are, however, all very small, and for that reason not so costly 
as might at first appear. 

The machines all have their titles given in the figure. 

Current is taken from the secondaries of the three, star-con- 
nected, series transformers and led to the slip-rings of a rectifier 

* Am. Pats. Nos. 869244 and 869279. 
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armature which is mounted on the same shaft as a self-exciting 
synchronous motor. This motor receives current from the alter- 
nating-current circuit, as shown, and its speed synchronizes with 
the voltage waves of the system. 

The rectifier consists of an armature having a bipolar winding 
with the slip-rings connected at 120-degree spacings, for a 3-phase 
system. For single-phase systems, there are but two slip rings, 
and only one series transformer is required. At the opposite end 
of the armature is a commutator having two pairs of brushes 
A, A' and B, B'. Three-phase current in the rectifier will pro- 
duce a rotating magnetic field. The synchronous motor rotates 
the rectifier armature in a direction opposite to that in which the 
rotating magnetic field travels. As the synchronous motor arma- 
ture turns in synchronism with the voltage of the system, and the 
rotary field of the rectifier is in synchronism with the current, 
there is produced, in space, a field whose position is stationary so 
long as the power factor remains unchanged. A change in cur- 
rent without a change in power factor merely increases the 
magnitude of the field, but does not change its position. 

The pair of brushes, A, A!, arranged diametrically opposite, and 
bearing on the commutator at points of maximum voltage when 
the power generated is at 100 per cent power factor, will give a 
direct current which will vary in accordance with variations of the 
alternating current transmitted, independent of change of power 
factor within very wide limits, because the current transformers 
feeding the rectifier tend to preserve their current transformation 
ratio irrespective of changes in resistance of their secondary cir- 
cuits. When the position of the field changes, the voltage on the 
commutator of the rectifier also changes, and rises until of suff- 
cient value to deliver a direct current over the circuit connecting 
the A brushes equal to the transformation ratio value of the cur- 
rent transformers. A second set of brushes, B, is used on the 
commutator at 90 electrical degrees from the A brushes and con- 
nected to an artificial circuit J, having resistance and inductance 
characteristics properly related to the characteristics of the circuit 
connected to the A brushes, forming a by-pass, and two direct 
currents are obtained, one of which, a’, varies as the energy cur- 
rent component and the other, b’, as the wattless current com- 
ponent of the current in the alternating-current line. a/ is used 
to regulate the battery charge and discharge, and b’ can be used 
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to correct the power factor by changing the excitation of a syn- 
chronous motor or a synchronous converter. The direction of b’ 
is in one direction for lead and in the other direction for lag. 

Safety devices are provided so that in the event of trouble to 
the line or apparatus, the series transformers are automatically 
short-circuited and the regulation ceases. 

From the A brushes of the rectifier, current is taken to the field 
winding of exciter No. 1. This latter machine is one of four 
mounted on a common shaft, of which one is a synchronous motor 
which drives the other three machines at a constant speed. 

Exciter No. 1 therefore has a variable voltage, its value at any 
instant being proportional to the power factor and the current 
flow in the alternating-current mains. The field of the synchro- 
nous motor is excited from the brushes of another machine on the 
shaft, which, being shunt wound and run at a constant speed, gives 
a constant voltage. From the brushes of exciter No. 1 the current 
is carried to the field windings of exciter No. 2, but the constant- 
potential ‘‘bucker”’ is in series with the field circuit of exciter No. 2. 
The voltage of the bucker is just equal and opposite to that of 
exciter No. 1 when the load on the alternating-current system is 
equal to the average or normal load. There is no current flow, 
therefore, through the field of exciter No. 2. Any increase in the 
alternating-current load will produce a corresponding increase in 
the voltage of exciter No. 1. The counter pressure of the bucker 
will be overcome by the increased voltage, and current will flow in 
the field windings of exciter No. 2, producing a voltage proportional 
to the increase in alternating-current load. If the load on the alter- 
nating-current system is reduced, the voltage of exciter No. 1 is cor- 
respondingly reduced. The voltage of the bucker will overcome 
the diminished voltage of exciter No. 1, and as a result the field of 
exciter No. 2 will be energized in the direction opposite to that in 
which it is excited when the “bucker”’ voltage is lower than that of 
exciter No. 1. 

The voltage of exciter No. 2 will therefore vary from zero to posi- 
tive maximum and to negative maximum, according to the change 
in the load on the alternating-current circuit. 

The current from exciter No. 2 goes to the field of the booster 
(not shown) and the booster voltage changes, therefore, with the 
load it i8 to regulate, through the intermediary of motor generators 
or rotary converters. 
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If the booster were a 200-K.W. machine, with either compen- 
sated or inter-pole windings, the exciting energy would be 0.5 per 
cent, or 1000 watts, which would be the maximum output of ex- 
citer No. 2. If this momentary maximum be considered as a 100 
per cent overload, the actual size of the exciter No. 2 will be 
500 watts. 

If exciter No. 2 requires 6 per cent of its output for excitation, 
the energy for its fields will be 30 watts. The change in volt- 
age of the rectifier, and consequently the change in the excita- 
tion of exciter No. 1, does not vary in proportion to the change 
in the alternating-current load, but varies only slightly, above or 
below the voltage produced by normal load. The change in rec- 
tifier voltage is about 15 per cent of the normal for maximum or 
minimum alternating-current load. Assuming that the load on 
the alternating-current system is maximum the voltage of exciter 
No. 1 at’maximum load will be 1.15 times the normal. If the 
normal voltage of exciter No. 1 is 50 volts, that of the bucker is 
also 50 volts, at maximum load the voltage of exciter No. 1 
will be 50 X 1.15 = 57.5 volts and it will deliver 57.5 — 50 = 7.5 
volts net to the field of exciter No. 2. To give 30 watts at 7.5 
volts requires 4 amperes, so that the output of exciter No. 1 is 
4 X 57.5 = 230 watts. 

The size of the bucker must be such as to give 50 volts and a 
continuous-current output sufficient to excite the field of the syn- 
chronous motor, with a second current fluctuating above and below 
the continuous normal current. 

When exciter No. 1 has a voltage greater than that of the 
bucker, the current in the bucker armature is equal to the field 
current of the synchronous motor minus the current to the field 
of exciter No. 2. If the motor has a rating of 750 watts, and 
requires 6 per cent for field excitation, this is 45 watts, or 3 = 0.9 
ampere the bucker must furnish continuously. With 0.6 am- 
pere from bucker to booster field, the output of the bucker is 
50 (0.9 + 4) = 245 watts. 

The rectifier is made to deliver about 45 watts, or 4.5 amperes, at 
10 volts from the A brushes. 

In practice the machines are made larger than this so that a 
much greater excitation can be given each machine than neces- 
sary and thereby overcome the time lag as explained in Chapters 
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XXXIIT and XXXIV. The excess voltage at the booster is re- 
duced by a differential series coil on the booster that has the action 
described in the discussion of Hubbard’s booster, Chapter XX XIII. 
Adjustment of normal load on the alternating-current system is 
effected by shifting the variable connections to the secondaries of 
the series transformers. The system shown in the diagram is 
used only when the voltage variations on the direct-current side 
of the converter (or motor generator set) are excessive. Gener- 
ally, in plants where very close regulation is not required, the 
current from the rectifier goes directly to the field of the counter 
E.M.F. exciter, the other machines shown being omitted. 


CHAPTER XLVIII. 
CURRENT CONVERTER SYSTEMS. 


Tue devices whereby current may be changed from alternating 
to direct are the mercury vapor rectifier, the motor generator and 
the rotary converter. These will be discussed in this chapter, 
together with their relation to storage battery regulation and equip- 
ments. 

Mercury Vapor Rectifier. 

This consists of a vessel of glass or other non-conducting sub- 
stance which is capable of withstanding heat and holding a vacuum, 
with a pool of mercury in a depression 
at the bottom, and suitable electrodes 
fastened to proper points on the inside, 
the air being exhausted from the vessel. 
Since no high vacuum — that is, of the 
order of one ten-millionth of an atmos- 
phere — can be produced or maintained 
in any vessel except such as are made 
of vitreous substances, glass is univer- 
sally employed. 

One of the several forms is shown in 
Fig. 285. The rectifier shown is for the 
conversion of single-phase alternating 

PR etal at eed current, and at present (1910) no mul- 

Rectifier. tiphase rectifiers are on the market, 

though they have been made and suc- 

cessfully operated. They are also available only in small sizes, 

that is, up to 50 amperes capacity. As their characteristics of low 

cost, high efficiency and no need of attendance make them suitable 

for many conditions where rotating machines are now used, it is 

inevitable that they will come into use for service of considerable 

magnitude, though this time may be deferred until some time 
subsequent to the expiration of the basic patents. 


Referring to Fig. 285, M is a pool of mercury in the bottom of the 
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bulb forming one electrode, and it is the one to which the current 
continuously flows, that is, it is the cathode. Therefore the wire 
connected to it is always the positive side of the direct-current 
mains. 

T; and T: are terminals of carbon, flattened, hollowed out or 
otherwise shaped to give a large surface. These are supported 
inside the branch arms §; and S:. These terminals are arranged 
with reference to making the distance from T, or T; to M reason- 
ably small, and yet to preserve such a distance between T, and Ts, 
or otherwise shield them, that there will be no danger of a short 
circuit forming between them. To prevent this the old types of 
Westinghouse rectifiers depended on the shielding action of glass 
tubes in which the electrodes were placed. They surrounded the 
terminals, but were provided with openings cut in the tubes to 
allow passage of the current, these openings being made on the side 
of each tube furthest away from the other one. By this arrange- 
ment the path from T,; to T, was made of considerable length, 
without removing them a great distance away from M. 

The design shown in Fig. 285 is that now used by both the 
General Electric and Westinghouse Companies. In this the 
electrodes T, and T, are held in tubes that extend out from 
the main chamber, with the mercury electrode placed halfway 
between them, thus giving a greater distance between carbon 
electrodes than from either carbon electrode to the mercury. 
T; is an auxiliary mercury electrode for starting the action of the 
rectifier, as will later be explained. 

The action of the rectifier is based on the peculiar property of 
a mercury electrode of setting up an enormously high resistance 
to the passage of current in one direction after current flow in the 
opposite direction has once been established. In this way it acts 
as an electrical check valve, permitting current to flow in one 
direction only. 

There are several theories of the cause of this phenomenon, but 
the high resistance of the mercury cathode to the outflow of any 
current unless some means are used to start current flow from it, 
seems the rational one. 

The mercury cathode also opposes the flow of current into it 
until, by some means, the flow is started against this opposing 
resistance, after which it offers but little opposition to the passage 
of current, as long as the flow to it continues. If at any instant 
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the flow ceases, the high cathode resistance is immediately set up 
and the rectifier becomes inoperative until started again. 

When in operation, the heat produced by the current entering the 
mercury cathode vaporizes some of the mercury, and the hot vapor 
rises up in the vessel, and impinging on the walls is condensed, and 
falls back again to the pool below. The vessel therefore has two 
functions, one as a receptacle for the electrodes and to maintain a 
vacuum about them so that the current flow is unimpeded, the 
other is to act as a condensing chamber and present a surface, cooled 
by the atmosphere, against which the hot vapors may impinge 
and be condensed. This latter function is the factor that fixes the 
size of the vessel, the area exposed being proportional to the watts 
loss in the rectifier. In the present designs, the watts radiated per 
square inch range from 0.35 to 0.6 watt, the higher value being 
for blackened condensing chambers. The watts lost are directly 
proportional to the current flow, owing to the fact that the resist- 
ance drop is constant and practically independent of either the 
current or applied electromotive force. The drop across the termi- 
nals varies in different designs from 15 to 22 volts. Obviously the 
efficiency varies directly with the voltage of the circuits on which 
the rectifier works. For a 20-volt drop and 40 volts applied pres- 
sure, the efficiency will be only 50 per cent, while for 1000 volts 
1000 — 20 = 

000 = ee 

There is a minimum current below which the cathode resistance 
becomes unstable and the rectifier will not operate. This current 
is about 5 amperes. 

There are two general methods of starting the converter. One 
is to impress a high voltage between the mercury cathode and 
an auxiliary starting terminal and break down the cathode resist- 
ance; the other is to use an auxiliary starting mercury electrode 
and tilt the vessel until the mercury of the main and the auxil- 
lary electrodes is in contact and current flows through the circuit 
thus made from any suitable source. On returning the vessel to 
its normal vertical position, the two bodies of mercury separate, 
and the are drawn between the two, breaks down the cathode resist- 
ance and allows the in flow of current from the carbon electrodes. 
The auxiliary mercury electrodes T; shown in Figs. 285 and 286 
depict this latter arrangement. 

The pressure necessary to start the rectifier where high poten- 


pressure the efficiency will be 
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tials are used with starting terminals, ranges from 10 to 15 thou- 
sand volts, so that a special transformer or induction coil is a neces- 
sary part of the equipment. It has however been found that a 
starting ring of metal placed around the outside of the cup-shaped 
portion of the vessel containing the mercury will start the opera- 
tion of the rectifier if a pressure 
of 5 or 6 thousand volts be im- 
pressed across the band and the 
terminal leading to the mercury 
pool. This is due to the high 
specific inductive capacity of the [0990000000 00400 
glass. A C 8 

The electrical connections of a 
single-phase converter are shown 
in Fig. 286. As indicated, a 
special transformer having a 
middle tap is required, the lead 
from this tap forming one side of 
the direct-current line. 

The operation is as follows: 

The tube is tilted to the left and 
the mercury pools in M and T; 
join, making a circuit from the 
positive side of the battery = 
through coil 1, the starting resist- pee oe = 6 -0C---> 
ance, and the left half of the Cocl7 + Tr 
transformer winding. On return- DUQUOOOUD 
t ling. On return bate) 
ing the bulb to its vertical posi- : ' 
tion the two bodies of mercury ats Spores sa by oa 
separate, an arc being drawn be- 
tween them. The current then begins to pass from one of the 
electrodes to M and deliver direct current to the battery. Since 
a single-phase circuit has two periods in every cycle in which the 
current is zero, the rectifier would cease operation instantly unless 
some preventive means were used to obviate this. The ballast 
reactances J; and Jz are used to maintain the current flow over 
the periods when it would normally be equal to zero. The curves 
shown in Fig. 287 explain this action. 

Curve 1 is the curve of alternating voltage delivered by the in- 
coming circuit. 
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Curve 2 is the curve of alternating voltage in the transformer 
winding (the secondary in the case of a voltage-changing trans- 


former) from B to C. 
Curve 3 is the voltage in the transformer winding from A to C. 
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Fic. 287. Curves of Current and Voltage in Mercury Rectifier. 


During the period in curve 2 when the voltage is positive, 7.e., 
the curve lies above the zero line, current flows from B through T, 
to M, through coil 1 to the battery and up to C; while during the 
time when the voltage curve 3 lies above the zero line, current flows 
from A through T,, to M, through the battery and back to C. 

Curve 4 shows the current impulses from B through the rectifier, 
while curve 5 shows the current from A through it, their sum being 
indicated in curve 6. This latter curve shows the existence of the 
zero points at which the rectifier would cease operation if the 
reactances were not included in the alternating-current circuit. 

When the impressed electromotive force from A to C falls to 
zero, the current through T; continues to flow, due to the discharge 
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of the inductance, Ji, and gradually dies down to zero after the elec- 
tromotive force has passed its zero point and reversed in direction. 
This means that current flow begins from T, through the rectifier 
before the current from T; reaches zero. In the same way the cur- 
rent flow from T, overlaps that of Tj. 

Curve 7 show the current flows from each of the two electrodes, 
and the overlapping produced by the reactances. 

Curve 8 is the combined curve and is the direct current delivered 
to the circuit. This current is pulsating in character, as indicated. 
When the pulsations are greater than admissible, an inductance in 
the direct-current circuit such as coil 1 in Fig. 286, will smooth out 
the waves by absorbing energy when the current is at its maximum 
value, which it delivers to the circuit during the period of mini- 
mum flow. 

In the practical devices made for battery charging, coil 1 serves 
as a magnet winding as well as an inductance, the magnet control- 
ling an automatic device which draws the tilted tube to its vertical 
position when current flows through the coil. 

Obviously, with multi-phase currents no ballast reactances are 
necessary, as the current flow from one electrode does not cease 
until after that from another electrode begins. 

The voltage ratio between the direct and the alternating currents 
is partly influenced by the design. From curve 8, Fig. 287, it is 
clear that the current value — which is proportional to the electro- 
motive force — is the square root of the mean square of the curve. 
The amount of pulsation in the curve depends on the value of the 
ballast reactance and the amount of overlap of the currents from 
the individual electrodes. Also, the current begins to flow only 
when a pressure of 18 volts or more exists between the electrodes 
and the cathode M. To find the direct-current voltage, therefore, 
it is necessary to plot curves similar to those shown in Fig. 287, 
and, taking the curve like curve 7, give it suitable ordinates to rep- 
resent voltage, and then within the curve of each electrode draw 
another curve with ordinates 18 volts less than the ordinates of the 
first curve. It must be remembered that the voltage curves taken 
represent ‘the voltages measured between one side of the trans- 
former and its middle point, and includes the effect of the ballast 
reactance. The transformer voltage is approximately double that 
of the voltage impressed between either electrode and the cathode. 

In general voltage of the load plus the drop in bulb and sus- 
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taining coil = 45% of the effective A.C. voltage applied to elec- 
trodes A and B. Bulb drop varies with the vapor pressure in the 
bulb and therefore with its temperature, ranging between 20 and 
25 volts when cold and about 5 volts less when hot. This is also 
affected by the length and shape of the current path in the bulb and 
therefore varies in different bulbs. 

Mercury vapor tubes being of glass are fragile and must be 
handled with extreme care. They must not be started on full 
load when very cold without some preliminary warming, which 
may be done by starting and running a few minutes with a cur- 
rent of 8 to 10 amperes. 

These rectifiers as made at present have a life of only 500 to. 
800 hours. There is no reason, however, why they should not be as 
permanent as any other device, as the mercury cannot oxidize or 
change its composition. To make a permanent rectifier requires 
extreme care in the preparation of the carbon electrodes and pro- 
tracted exhausting of the tube. Some have been made in this 
way which have been under operation for 26,000 hours and still 
show no signs of deterioration. Possibly certain trade reasons 
cause the production of the short-life bulbs. 

Several arrangements of complete battery-charging sets are 
marketed, nearly all of which are provided with automatic devices 
for tilting and then drawing the bulb to vertical at starting, and 
for opening the circuit to the rectifier when the battery is fully 
charged. They also have dial switches the movement of which 
will change the amount of reactance in circuit, the number of trans- 
former turns between the incoming alternating-current mains and 
the number of transformer turns between the leads to the rectifier, 
so that any desired current and voltage adjustment may be made. 

Motor-Generator. 

This may be made up of either an induction or a synchronous 
motor driving a direct-current generator. 

If the motor-generator is to work in connection with a battery 
to regulate the alternating-current load, the synchronous motor is 
the better one to use. An induction motor requires considerable 
increase in speed to change from a loaded motor to a loaded gen- 
erator, and speed changes cannot be made quickly enough to give 
good regulation. For charging only, or for supplying a direct-cur- 
rent circuit on which the load fluctuations may be taken up by an 
ordinary battery and booster equipment, the induction motor may 
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be used, and owing to its simplicity and low cost is generally the 
preferable one. Where asynchronous motor is used, a starting box 
is provided for the direct-current machine, and this is used to bring 
the set up to speed when starting up the unit, the starting current 
being supplied by the battery. Proper switches cut this starting 
box out of circuit when the set is running from the alternating-cur- 
rent supply and ready to put into service. When used for charg- 
ing or supplying a direct-current system having its own battery 
and booster, the direct-current machine has its voltage adjusted 
simply by a hand rheostat, as is customary with any direct-current 
generator. If the unit is to deliver a constant current to the direct- 
current system without the use of a booster, a regulator similar to 
one of those described in Chapter XX XIV may be put in the gen- 
erator circuit to regulate its field excitation. This will produce 
fluctuations of voltage with battery charge and discharge, and 
therefore this system is suitable for power supply only. 

When used for regulating an alternating-current system there are 
two methods of application. 

(1) A regulator having its controlling coils in the alternating- 
current circuit or connected through a transformer with it, con- 
trols the generator field so that the voltage decreases with increase 
of load on the alternating-current system, allowing the battery 
voltage to overcome the opposing generator voltage and causing it 
to run asa motor. The motor thus driven as a generator sup- 
plies alternating current to the lines and carries the excess load. 
Conversely, decrease in the load on the alternating-current system 
will produce an increase in generator voltage, causing battery charge 
and taking current from the alternating-current lines to drive the 
motor. This arrangement is shown in Fig. 273. In this case, the 
generator voltage is normally equal to that of the battery, and cur- 
rent neither flows into nor out of the battery, the motor current 
being only that necessary to supply the no-load losses of the two 
machines. By making the size of the unit large enough, direct- 
current power load may be taken from the direct-current side, the 
battery serving as an equalizer of the fluctuations both on the alter- 
nating-current system and the direct-current load. This is due to 
the fact that any fluctuation of load on the direct-current side 
will tend to draw sufficient alternating current from the line to 
supply the driving motor with energy to drive the increased gener- 
ator load. The regulator will respond to this increase in alternat- 
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ing-current load, reducing the generator voltage and allowing the 
battery to discharge. The battery must be of sufficient capacity 
to supply load increases that come coincidently on both the alter- 
nating- and the direct-current loads, plus the current necessary to 
drive the motor, as the motor energy on discharge or charge appears 
as a load increase on the alternating-current system. 
In this chapter the following are the symbols used, with their 
significance. 
J = energy in watts to the alternating-current side of the 
system from the battery. 
J’ = energy in watts delivered by the alternating-current 
side to the battery. 
E = voltage on the direct-current side. 
e = volts per cell of battery in series at no charge or discharge. 


e’ = Voltage per cell on discharge. 


«’’ = Voltage per cell on charge. 
N = Number of cells, = 2. 
EH =e'N; 


r = Resistance of armature and brushes of the direct-cur- 
rent circuit through generator or rotary converter. 
efficiency of motor generator or converter under the 

load for which computation is made. 

pi = efficiency of booster under the load for which computa- 
tion is made. 

p2 = efficiency of motor driving booster. 

V = booster voltage. 

F = Current to converter for transformation. 

I, = Current from battery for driving booster. 

7 = Current in each leg of alternating-current circuit to or 

from converter. 

A =maximum volts drop in battery on discharge, = 
N (e — €’). 

In a motor-generator system, regulating an alternating-current 
load only; for any output J, delivered to the alternating-current 
system, the generator output, when working as a motor and 
driving the motor as a generator will be 

A= ak (268) 


p 
J 


pk’ 


aos 
I 


I 


Battery discharge current I = (269) 
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Drop through generator (as motor) armature =rI = ae 270) 
Counter voltage of generator = E’ — rl = K’— a (271) 


Counter voltage of generator, normal,= E. Percentage decrease 
in counter voltage is 


EB ( EF — ta) (272) 
ee 


In machines of large size, an exciter dynamo for controlling the 
field of the generator may be obviated by putting a shunt 
winding on the generator connected across the brushes and a 
second winding connected to the battery terminals through an 
automatic regulator. The machine and windings should be 
so proportioned that the shunt field winding with the minimum 
generator voltage across its terminals and the controller winding 
excited full in a direction opposite to the shunt winding will 
give the desired minimum generator voltage. When the con- 
troller field is excited full and in the same direction as the shunt 
field, the maximum generator voltage should be produced. Owing 
to the sensitiveness of the shunt field to variations in generator 
electromotive force, the controller field excitation need be only a 
small proportion of that of the shunt field. In the succeeding 
examples, the extreme possible conditions of battery discharge 
and maximum discharge rate, have been assumed. For normal 
condition of battery charge, the battery voltage, EH’, will be much 
higher, the energy used in the auxiliaries less, and the battery 
current considerably lower than these examples show. Since 
the extreme conditions must be provided for, in view of their 
occasional occurrence, these computations are important, but they 
must not be considered as indicative of the load on the battery or 
machines under normal and usual conditions. 
As an example take 
J = 200 kilowatts. 


EH = 500 volts. 

a= levolis: 

e’ = 1.65 volts. 
500 

ING = = 1238: 
Pal 

r = 0.08 ohm. 


b = 92%. 
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Battery current = I = 99 ee 938 = 552 amperes. 
Drop through motor = 552 X 0.08 = 44.16 volts. 
Counter voltage = E’— drop = 392.7 — 44.16 = 348.54 volts. 
Percentage decrease in generator voltage is 
500 — 348.5 
500 


- If the generator characteristic were a straight line, the change in 
the voltage across the shunt field would give the required change 
in field excitation, but the machine would be unstable and in- 
operative. 

From the characteristic of the dynamo adopted, the maximum 
and minimum excitation necessary may be found and the proper 
windings computed. 

All the foregoing is based on the use of synchronous motors in 
which there is no speed change. If induction motors are used, 
the speed will have to be varied to change them from motors to 
generators and vice versa, and the amount of speed change will 
depend on the size and design of the motors. 

If the per cent slip is taken as s, then the speed when carrying 
maximum load will be (1 — s) S, in which § is the synchronous 
speed. 

The speed at which it must be run to give its maximum output 
as a generator will be (1 +s)S. 

Then for case 1 preceding, the current from the battery would be 


= 30.3 per cent. 


the same as computed, namely on" and the other equations would 


hold except equation (272), which would become 
Percentage change in field excitation 


(n= (gb) 


That is, the change in field excitation must be 1 + s greater than in 
the case of a synchronous motor. 

Case 2. To regulate an alternating-current system, the direct- 
current side of the motor-generator may have a booster in circuit 
between the generator and the battery, the booster having its vol- 
tage regulated by a controller which is connected to respond to 
changes in the alternating-current circuit. This arrangement is 


(273) 
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indicated in Fig. 274. With this system, either lights or power 
may also be taken from the direct-current side if a reversible 
booster be used, or power may be taken from the direct-current 
‘side if a non-reversible booster be used. In computing the size 
of the booster and its range of voltage and the size of the motor- 
generator set the following conditions must be considered. 

Let J = watts excess of maximum load above normal on the 
alternating-current system, which is the maximum amount of 
energy the battery must supply on discharge, and all other quanti- 
ties as before given. 

For a synchronous motor, the speed does not change and there- 
fore the speed of the generator remains also constant when it works 
as a motor, and, with the exception of a small change in voltage 
due to armature reactions, the voltage of this machine may be also 
considered as constant. 

In practice the motor, generator and booster would be mounted 
on the same shaft, the generator acting as motor to drive both 
the alternating-current motor as a generator and the booster 
when discharge takes place, the motor driving both generator and 
booster on charge. 

Since neither the speed nor excitation of the generator changes, 
a voltage higher than that produced by the generator must be 
impressed on it to cause it to work as a motor supplying energy 
to the alternating-current lines, which increase in voltage must be 
furnished by the booster. If I be the current sent through the 
armature in opposition to the generator electromotive force, the 
booster must supply Ir volts for this purpose. Also the booster 
must, on discharge, supply a voltage equal to the drop in the bat- 
tery voltage, which is E — E’ or N (e — ¢’). Call this quantity A. 

In addition to these factors, the generator running as a motor 
must take enough current to supply the power necessary to drive 
the booster, as well as to supply the necessary energy to the alter- 
nating-current circuit. The booster voltage, on discharge, there- 
fore is 


V=Ir-+A (274) 

and the energy output of the booster is 
VI=I1(Ir+ A). (275) 

Power required to drive the booster is 
I (Ir + A) (276) 


Pi 
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and the energy Joss in the booster is 


tee Sieh ee Gi 
1 
in which j = ( = 1) Gis) 
P1 


Total energy from the battery = IE’. 

This is equal to the output of the generator (as a motor) to drive 
the motor (as a generator) plus the booster energy loss, all divided 
by the efficiency of the motor-generator, or 


J+j1 (r+). 


Lhe 279 
Solving, 
PE’ A (= A i J 
his Ait oe 29 - 27 yr ce) 


On charge, which accompanies a reduction in load on the alter- 
nating-current circuit, the energy output of the circuit to maintain 
the load substantially constant, is the difference between normal 
and minimum loads. If J’ be the alternating output to the motor 
this is the equivalent of J’ watts delivered to the direct-current 
side. The energy input to the battery is charging current multi- 
plied by the battery voltage. 

The booster must furnish an electromotive force to compensate 
both for the drop through the generator armature and for the 
increase in battery voltage above the open-circuit value. If 
I, = charging current and e’’ = maximum voltage per cell of battery 
on regulation, then the energy input to the battery is Ice’”N. 

The copper loss in the generator armature is I,2r. Therefore 
the energy actually delivered at the generator terminals is 


oJ! — I2r. (281) 


The booster output is VI, in which V = A + I.r and the booster 
loss = jl, (A + Ir). A= N (” —e). Since the energy delivered 
by the generator is equal to the booster loss plus battery input 

Os’ — Ir = Ice’’N + gl, (A 4+ It). (282) 
Solving, 


bay / J’ +(x “a uy e/N+ 7A 


erry) aeradiay 
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The positive sign before the radical gives the only practical values 
OM Iker 

As a practical example take an alternating-current system sup- 
plying a variable load in which 


J = 450 K.W.= 450,000 watts. 
J’ = 300 K.W.= 300,000 watts. 


Take direct-current side at 500 volts. This may be any desired 
voltage, but for a system of the above size should be not less 
than 500 volts to keep down the current and prevent the com- 
mutators, brushes, leads, switches and all current-carrying parts 
from being too large, cumbersome and expensive. 


Take 
E = 500 volts. 
r = 0.05 ohm. 
g = Bil. 
é = 1.65. 
of IA 
500: 
N= oie 238. 
b = 82% at 200% overload exclusive of generator copper 
loss. 
ly = 1.65 X 238 = 393 volts. 
pp: = 0.86. 
1 


jr = 0.163 X 0.05 = 0.00815, 2 jr = 0.0163. 
A=N(e—€) = 500 — 393 = 107 volts. 
From equation 280, 
re es 808 SOT ve x Lay 450,000 
0.0163 2 X 0.05 0.0163 0.1 0.00815 
= 1540 amperes, which is the maximum battery discharge 
Booster output = 1540 (107 + 0.05 < 1540) = 281.8 K.W. 
Booster loss = .163 XK 281.8 = 45.9 K.W. 
Total generator (as motor) output = 450 + 45.9 = 495.9 K.W. 
Total generator input = ee = 604.75: K.W. 
Battery output = 1540 x 393 = 605 K.W., which checks with 
the generator input required, within the limits where large quan- 
tities enter into the computations and decimals are suppressed. 
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On charge 
J ="300 KW: 


oJ’ = 82 X 300 = 246 K.W. 
From equation 283, 


ree 246,000 (04 ae pe" 555.13 _ Fey eee. 
005s 0.1163 0.1163 Ege 
Copper loss in generator = (424)? X 0.05 = 8.99 K.W. 
Booster loss = (47.4 + 424 X 0.05) 424 0.163 = 4.74 “ 
Energy to battery = 424 547.4 = 232. | Ones 
Total energy delivered by generator = 245.83 “ 


which checks with the assumed energy of 246 K.W. 

The maximum outputs of motor, generator and booster occur 
when the battery discharges, feeding the alternating-current system. 
The motor, acting as an alternating-current generator, delivers 
450 K.W. to the lines. On fluctuating loads this maximum is mo- 
mentary only, and may be taken as double the normal capacity 
of the motor, which, on this basis, would be a 225-K.W. machine. 

If its efficiency on overload is 80 per cent, when working as a 
motor it must deliver, on charge, 300 X .80 = 240 K.W. to the 
shaft on which the booster and generator are mounted. This is 
an overload of only 15 K.W., which is negligible. This machine 
might be made somewhat smaller, but owing to the reactance drop 
through it, it would not be advisable to reduce the size below 50 per 
cent of the maximum output. 

The maximum generator load is when working as a motor and 
receiving 605 K.W. If it is a compensated or inter-pole machine, 
25 per cent of this amount will be a sufficient normal capacity. 
This will be 151 K.W. 

The booster voltage to charge the battery is less than the volt- 
age required on regulation in this particular case. Maximum 
booster output is on discharge and equals 282 K.W. as found on 
page 565. 25 per cent of this output is 70.5, say 75 K.W., which 
is the capacity rating of the booster. 

Case 3. If an induction motor be used instead of a synchronous 
machine, the conditions and equations will be considerably changed. 

On discharge, the booster voltage must exceed that computed in 
case 2 preceding, by a percentage equal to the slip s, because not 
only the battery drop and armature resistance must be overcome 
but the generator (as motor) must have an additional voltage im- 
pressed on it to cause it to run at a higher speed. This additional 
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voltage must be equal to the voltage that would exist if no speed 
change took place, increased by the percentage slip. | 
Booster voltage for no speed change = A + Ir. 
Booster voltage for increase in speed = (E + Ir) s. (284) 
Total booster voltage = A + Ir + (E + Ir)s. (285) 
Substituting this value in equation 279 


TE J+ gldr+A-+ sE + slr) 


é (286) 
and 

el 7A jes) bap (A si) \7iee ae 
ne Cae v( 27j (1+ 8) laces) exe 


If the values used in the example before given be substituted in 
this equation, and s = 4 per cent, it will be found that I = 1561 
amperes as against 1540 amperes for the identical service with a 
synchronous motor. If a series coil were put on the generator, the 
direction of the winding being such that the voltage is increased 
when the generator delivers current to the battery and decreased 
when it runs as a motor, taking current from the battery, the work 
of the booster will be considerably decreased, the battery discharge 
lowered and the efficiency improved. These series turns should 
be made such that 
I@-+n+R)=ITk and T="TUTR, 
in which T is the number of turns, & the volts per-ampere-turn, 
I the discharge current, 7 the resistance of the generator armature, 
r, the resistance of the series winding, and R the internal virtual 
resistance of the battery for normal condition of charge. Obvi- 
ously the series turns cannot be proportioned for the condition of 
minimum battery voltage corresponding to a maximum value of R, 
as it would give too great a magnetization for the normal and 
usual conditions. 

Standard Rotary Converter. 

These machines are reversible and may either receive alternat- 
ing and deliver direct current or vice versa. When receiving direct 
and delivering alternating current, they are said to run “inverted” 
and without some special damping device to absorb oscillations 
are liable to ‘hunt’? when run in parallel with other machines. 

The ratio between the direct and alternating current voltages is 
rigidly fixed and cannot be changed except in the special case of the 
“split-pole”’ rotary later to be described. If there is considerable 


(288) 
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inductance in the alternating-current circuit leading to the rotary, 
the direct-current voltage may be changed within a few per cent, 
by varying its field excitation, but compared with the wide range 
of voltage variation required in storage-battery work this possible 
change is negligible. There are three ways in which a rotary con- 
verter may be caused to make a battery regulate an alternating- 
current load. One consists in putting in series with the rotary 
an alternating-current dynamo running in synchronism with the 
line and the rotary as indicated in Fig. 275. The field of this 
dynamo may be varied, and its voltage will vary correspondingly. 
This means that the alternating-current voltage to the rotary is 
changed, which will also change the direct-current voltage. The 
alternating-current dynamo is in reality a booster. Since it runs 
in synchronism with the system, it may have a positive or nega- 
tive excitation with respect to the rotary, if it be driven by a 
synchronous machine. In practice it is mounted on the same shaft 
as the rotary, the latter machine acting not only as a converter of 
current but both as a synchronous motor and asa direct-current 
motor according to the direction of current flow through it. 

A second method is to use a direct-current booster on the same 
shaft as the rotary, driving it by the rotary acting partly as a motor, 
as indicated in Fig. 276. 

A third method is to use a direct-current booster driven by its 
own separate motor, either alternating or direct current. This 
arrangement is shown in Fig. 277. It is better to use a direct-cur- 
rent than an alternating-current motor, because on discharge, the 
power to drive the booster will appear as an increase in load in the 
alternating-current system if the alternating-current motor be used, 
and this energy will have to come from the battery in any case. 
With the alternating-current motor, this energy will have to pass 
through the rotary, increasing the losses and requiring a larger 
converter than if a direct-current motor be used. 

The voltage ratios of rotary converters are as follows: Three- 
phase, with alternating-current at a pressure of one volt (square 
root of mean square value), and no current flow through it, the 
direct-current voltage will be, theoretically, 1.634 volts. Practi- 
cally, the direct-current will be less than this ratio by an amount 
equal to armature drop and reactions when the rotary receives 
alternating and delivers direct current. The actual ratio under 
full load is about 1.52 volts at the direct-current brushes for each 
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volt impressed on the alternating-current side. When running 
inverted, the ratio will be about 1 volt on the alternating-current 
side for 1.67 volts on the direct-current side. 

In a 6-phase, diametrally connected, rotary the theoretical ratio 

is 1 volt alternating to 1.41 volts direct, and practicaliy, 1 volt 
alternating gives about 1.35 volts direct. When running ‘“in- 
verted”, the ratio is 1 to 1.43. In a 6-phase converter with the 
armature taps from the slip rings 60 electrical degrees apart, the 
voltage between adjacent alternating-current wires is 0.356 of 
the direct-current voltage when alternating current is being con- 
verted to direct, and when the rotary is running inverted the 
alternating current is about 0.352 of the direct-current voltage. 
_ Case 1. When a battery is connected in circuit with a rotary con- 
verter, the charge and discharge of which are regulated by varia- 
tions of the alternating-current voltage produced by an alternating 
current in the booster, which under normal load has zero voltage, 
the quantities and equations are as follows. 

The drop in voltage for direct-current flow through the arma- 
ture of arotary converter isIr._ The drop at the battery terminals 
due to diminished charge and maximum discharge is the same for 
any system of regulation, = N (e—¢’) = E— E’.. Of the energy 
given by the battery to the rotary converter, part will be used to 
drive the booster, part will be lost in heating and the remainder 
will appear as energy given to the alternating-current lines. 

If J = energy in watts to be delivered to the alternating-current 
circuit, then the amperes per phase for a 3-phase system will be 
found from the equations 


— ‘ Al 
J=wV3 and i=— = 
vV 3 (290) 
i being the amperes per phase and v the voltage between phases. 
E 
Since for a 3-phase inverted converter v = 167’ 

1.67 J 
t= ——=) (291) 

EV3 


which is the current per phase through the booster. 

The maximum voltage of the booster on discharge will be that 
due to the drop in the battery voltage plus that required to send 
the necessary current through the converter, and this sum divided 
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by the voltage ratio between the direct and alternating current 
sides — 1.67 in this case. The voltage of the booster measured 
between the slip rings is 


rl +A 


Vv = T67 


(292) 


in which A = volts drop of the battery on discharge and I = the 
battery current. 
The battery energy output is 


Vi V3 


et Vins 
Vie a al (293) 
ee G a 1) Viv3 
= ea 2 
5 (294) 


Placing (3 _ 1) = 7, the equation becomes 
1 


Battery energy ws Y iv3) 5: (295) 
Battery current = I = J tie Yeu (296) 


In the equations V2 V/3 represents the energy delivered by the 
Viv3. ; 
booster and ac is the energy delivered to the booster, their 
1 


difference representing the booster loss which is supplied, together 
with J, by the rotary converter. Substituting in equation 292 
the value for battery current found in equation 296, 


fern 
V= 1.67 (297) 
Clearing and solving for V, 
P rd + H’A : 
1.67 $E’ — jriV3 CN 


Case 2. Direct-current booster mounted on the shaft with the 
rotary converter and driven by it. 
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In this case the total current to the rotary passes through the 
booster. 

Following are the equations for determining battery discharge 
and the size of the apparatus required. 

If the output of the rotary to the alternating-current lines is 
J watts, the total output of the rotary as both a motor and cur- 
rent rectifier will be 


J+ uu watts, (299) 
Pi 
in which V = booster voltage and I = total current from battery. 
pepe 
Input to rotary = 7 : (300) 
Jie wae VI 
Energy delivered by battery = = = Es (301) 
in which HK’ = e’N 
ues & = 1) VI | 
or fA prea a a (302) 
p 
Pl 7 & = 1) =] 
acing ae ds 
BI = are (303) 
Since V= Ince, 
a : 
$ 
and = 
Oil GAN (ee - iy J 305 
I= 27) 277 rj ane) 


which is the total current supptied by the battery to the rotary. 
Only the negative sign is placed before the radical, as it gives 
the only practical values. 
Case 3, rotary converter with direct-current booster driven by 
its own motor. In this case only the current to be transformed 
goes to the rotary from the battery. The current through the 
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booster is the sum of the currents for the rotary and the booster 
motor. 


Input to the rotary = 7 watts, (306) 
Voltage of direct current at rotary brushes 
vy =Hh’+A+Fr=E+F,, (307) 


in which F is the current from battery to converter for transfor- 
mation to alternating current. 


J 


he Se 
bE +F) a 
and Fé (E+ Fr) = J, (309) 
from which 
BA ed E 
pe v(3 -) + gr Qr uy 
Booster energy output = (A + Fr) (F + I,), (311) 


I, being the current supplied by the battery to drive the booster 
motor. 


(A+ Fr) (P+ Is), 


Boost for input = 2 
ooster mofor inpu oe (312) 
Loss in booster and motor is 
A+ Fr) (F+ 1; 
te 2 ep ron (313) 
PiP2 ; 
1 
| eee ae 1 A i B}. 
(..- 1)A+P) +h) (314) 
Placing C — = 7’ equation 314 becomes 
PP 
J (A+ Fr) (F + I). (315) 
Battery energy output = E’ (F + Is). (316) 
‘ jiges 
H’(F + Is) = gtd (Aap Pr) (F 13). (317) 
From which 
Sa (A+ Fr) — FE’ m" 
I, = (318) 


ae er ey 
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As an example to illustrate and compare the three cases discussed 
take 


J = 450 K.W. 
& = 88 per cent for 100% overload. 
EK = 500 volts. 


2.1 volts per cell. 
1.65 volts per cell. 
N= = 288 cells. 
pi = 86 per cent at 200% overload. 
p2 = 86 per cent at 200% overload. 
ie em U OF 
H/ = 2388 X 1.65 = 393 volts. 
A = E-F = 107 volts. 
: ae 
Then for case 1, on discharge, from equation 291. 
1.67 450,000 


500 X V3 


€ 


/ 
(= 


Booster current = = 867.7 amperes per phase. 


From equation 298, 
0.05 X 450,000 + .88 XK 393 X 107 


1.67 X .88 X 393—0.163 & 0.05 X 867.7 XV 3 


Booster voltage = 


= 105.2 volts. Z 
Booster output = 867.7 X 105.2 X V3 = 158 K.W. 
Input to booster = - = 183.8, say 184 K.W. 


Loss in booster = 184 — 158 = 26 K.W. 
Output of rotary = 450 + 26 = 476 K.W. 


Input to rotary = 2 = 541 K.W. 
Battery current = a = 1376.6 amperes. 


Electrical energy delivered by rotary as a generator = 476 — 
184 = 292 K.W. 
Energy delivered as a motor to drive booster = 184 K.W. 
Case 2; direct-current booster on rotary converter shaft. 
For maximum discharge and minimum battery voltage, 
BE’ = eN = 1.65 X 238 = 393 volts 
1 


j = gg — 1 = 0.168. 
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Then from equation (305) the battery current to the booster and 


rotary is 
88 X 393 — 0.163 XK 107 


2 X 0.05 X 0.163 


(2 x 393 — 0.163 X 107\" 450,000 
\ 0.1 X 0.163 0.05 x 0.163 


Energy supplied by battery = 1420 & 393 = 558 K.W. 
Booster volts = 1420 x 0.05 + 107 = 178 volts. 
Booster output = 1420 X 178 = 252.8 K.W. 
252.8 ao 
0.36 7 293.9 K.W. 
Loss in booster = 293.9 — 252.8 = 41.1 K.W. 
Energy output of rotary = 450 + 41.1 = 491.1. 
Energy input of rotary = a = 558 K.W. 
Case 3; rotary working with a direct-current booster having its 
own motor. 
From equation 310, 


l= 


= 1420 amperes. 


Energy delivered to booster = 


500 \2, 450,000 500) stare 
iS V eae Se0. sound SEC 86 25C00s 
450,000 


Input to rotary = = 511,363 watts. 


88 


To compute booster motor current, determine the several quan- 
tities in equation 318 separately. 


J 
p 
i= (ses - 1) = 0.352 
86 X .86 a ia 
Booster voltage is 


(A + Fr) = (107 + 936 X 0.05) = 153.8 volts. 
FE’ = 936 X 393 = 367,848 watts. 


= 511, 363 = rotary input. 


Then 
I oll 363 + (0.352 X 936 X 153.8) — 367,848 
2 393 — 0.352 X 153.8 
Total current supplied by battery = 936 + 572.8 = 1508.8 
amperes. 
Energy supplied by battery = 1508.8 x 393 = 592.9 K.W. 
Booster output = 1508.8 X 153.8 = 232 K.W. 


Booster and motor loss = 0.352 X 232 = 81,600 watts. 


= 572.8 amperes. 
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Total energy used by booster, motor and rotary is 511,363 + 
81,600 = 592.9 K.W., checking with energy output of battery. 
232 


Size of motor for this maximum output is 086 =e One 
Comparing the three systems the following are the results. 
Battery output for first case............... 1375 amperes. 
ie err second case 25 ies oe 1420 fe 
a Peenee LIT CASE. bata eS 1509 = 
Sizes of boosters, 200 % overload basis: 
UF iy OG Fclahaecet > chet het tna eel ee ae Mes See 52.8 K.W. 
DECOM UPC ACEI OME a1. oh isg Schr ss ee es 83.2 K.W 
SW TG F PONT sles A PR OR, eee ee ae 77.1 K.W. 
Sizes of converters, 100 % overload basis: 
Per SL RCA Celiac: Metta iy ROP 2 on hk ae, 237.8 K.W. 
SECONCNCHSC Me en pata ance Amen ee, 245.5 K.W. 
ICING ABE senna cas wer ts lee toe ss perenne Gerla Me 225 K.W. 
Piird plus:motor’ = 90'-- 225 =n... aces cen 315 K.W. 


The first case therefore is the most efficient and least costly of 
the three. 

Split-Pole Rotary Converter.* 

This is a special form of converter in which the voltage ratio 
between the alternating and direct current sides may be widely 
varied. When interposed between an alternating-current circuit 
and a storage battery, the circuit will send current into the battery 
if the voltage ratio be so adjusted that the direct-current voltage 
is higher than that of the battery for a normal impressed alternat- 
ing-current voltage at the slip rings. If, however, the adjustment 
be such that the direct-current voltage is lower than that of the 
battery when the normal line voltage is impressed at the slip rings, 
the battery will discharge through the converter and supply energy 
to the alternating-current line. 

This machine differs from the ordinary standard converter in 
that it has subdivided field poles, all portions of the poles being ex- 
cited from a constant-potential source of current, while a variable 
and reversible source also excites all portions, but certain parts of 
each pole have their windings, which are excited by the variable 
and reversible source, connected in opposition relatively to the 
other portions of the same pole. Fig. 288 illustrates this arrange- 
ment. a, b and c are the sections of one pole, each section carrying 

* Am. Pat. Nos. 679812, 679813 to J. E. Woodbridge. 
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the windings 1, 2,3, which are all wound in the same direction, are 
connected in series, and receive current through the mains In, Le, 
which comes from a constant-potential source. These windings, 
then, magnetize each of the sections in the same direction and 
make all the sections of the same polarity. 

Windings 4, 5 and 6 are likewise all connected in series, but the 
winding 5 on pole division b is reversed in direction relatively to 


the windings 4 and 6 on divisions a and ec. Therefore if a current 
flow takes place through this second set of windings, in a direction 
to strengthen divisions a and e¢ division b will be weakened, and if 
the current is in a direction to strengthen b, ¢ and d will be weak- 
ened. Therefore, except when the current through windings 4,5 and 
6 is zero, the middle division is stronger or weaker than the other 
two, so that in addition to the magnetic lines from one complete pole 
of one general polarity to the next adjacent complete poles of the 
opposite general polarity, there will also be a local flow of magnetic 
lines between the middle section of each pole and the two outside 
sections, which local magnetization passes through the converter 
armature and may be in either direction, to or from the middle pole 
according to the direction of current through the windings 4, 5 
and 6. These windings are connected to mains lh, ls, which receive 
current from some form of alternating-current regulator, the Wood- 
bridge regulator described in Chapter XLVII being used in con- 
nection with this machine. The current flow through windings 4, 
5 and 6 is therefore automatically varied in degree and direction 
with changes in load on the alternating-current circuit to which the 
converter is connected. 
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Referring to Fig. 289, the line AB represents the developed 
armature periphery, the direct-current brushes being located at 
AandD. The lines a, b and ¢ represent the field strength of the 
three sections of one pole, and the lines d, e and f that of the 
other pole under normal conditions of excitation. The result of 
this excitation will be a certain ratio between alternating and 
direct current voltage. If the excitation of the outer pole sections 
a,c, d andf be increased, and that of the middle sections b and 
e be decreased, the field distribution may then be represented as 
the resultant of the auxiliary field g, h, i, j, k and 1 superposed upon 
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the normal field. Considering the electromotive force devel- 
oped in a section of the armature between the points P and Q, 
which may be taken to represent two of the three phase taps 
located 120° apart, it will be seen that the auxiliary field will 
have absolutely no effect on the voltage in this section at any 
point in the revolution, for the sum of the shaded areas x and z 
is always equal and opposite to the shaded area y. The auxil- 
iary field therefore interposes into the armature section between 
the points P and Q equal and opposite amounts of field flux, which 
exactly neutralize each other in the generation of electromotive 
force between P and Q. The effect, however, of the auxiliary field 
on the direct-current voltage between the points of brush contact 
A and D is to produce an increase in that voltage, for the reason 
that between these two points there are two areas of positive flux 
and only one area of negative flux due to the auxiliary field. Theo- 
retically, therefore, this auxiliary field would produce an increase or 
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decrease in the direct-current voltage without any effect whatever 
on the magnitude or wave shape of the alternating voltage between 
the points P and Q, provided these points are spaced 120° apart. 

Practically, however, it is necessary to allow a neutral area of 


Fic. 290. Flux Distribution in Split-pole Converter, Equal Excitation of all Sections. 


Fie, 291, Curve of Electromotive Force, Split-pole Converter. 


zero field strength at the points A and D for commutation. This 
modification produces some disturbance of the wave shape of the 
alternating counter electromotive force, which, however, is not suf- 
ficient to interfere with the practical operation of the machine. In 
Figs. 290 to 295 inclusive are shown oscillograph records giving 
the distribution of field flux obtained by an exploring coil and 
the corresponding wave shape of alternating electromotive force 
across two of the three phase collector rings, taken from a 500-kw. 
split-pole converter of this type. Fig. 290 shows the normal field 
distribution with all three sections of the pole equally excited and 
Fig. 291 is the corresponding wave shape of electromotive force; 
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direct-current voltage 250. Fig. 292 shows the field distribution 
with the outer sections increased and the middle section reduced in 
excitation, while Fig. 293 shows the corresponding wave shape of 
electromotive force; direct-current voltage 280. Fig. 294 shows 


Fic. 292. Flux Distribution in Split-pole Converter, Diminished Excitation of Middle 
Section. 


Fic, 293, Curve of Electromotive Force, Split-pole Converter. 


the field distribution with the outer sections weakened and Fig. 
295 shows the corresponding wave shape of electromotive force; 
direct-current voltage 282. It will be noted that the difference 
in the wave shapes for these three different conditions of field 
excitation is scarcely perceptible. The alternating electromotive 
force was held eonstant throughout. 

In a later development of the split-pole converter suggested by 
Mr. J. L. Burnham, only two pole sections are employed. One of 
these has a pole are covering a considerable portion of the total 
pole pitch, and constitutes the principal pole, while the other covers 
a smaller arc and is used as an auxiliary or regulating pole. A 
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simple explanation of the theory of this machine may be had by 
reference to Figs. 296 and 297. In Fig. 296 the line OP represents 
the alternating voltage developed by the principal pole section. 
The line OF may be taken to represent in amount and phase posi- 
tion the electromotive force developed by the auxiliary pole, these 


Fic. 204. Flux Distribution in Split-pole Converter, Diminished Excitation of 
Outer Sections. 


Fie, 295. Curve of Electromotive Force; Split-pole Converter. 


two clectromotive forces being displaced by the angle p, which 
represents the angle between the axes of the two fields. The line 
OR will then represent the resultant alternating electromotive 
force. If the excitation of the auxiliary field is zero, the line OP 
will represent the alternating electromotive force. It will be noted 
that the line OR is but very little longer than the line OP. The 
direct-current electromotive force will be represented by the alge- 
braic sum of OP and OF. With zero excitation of the auxiliary 
pole this direct-current electromotive force will be represented by 
OP, while with an excitation corresponding with the line OF the 
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direct-current electromotive force will be represented by OD. If 
the main field excitation is reduced to OP’ when the auxiliary 
field has an excitation corresponding with OF, the resultant alter- 
nating electromotive force will be represented by OR’, equal to 
OP, while the direct-current electromotive force will be represented 
by OD’. It will thus be seen that the direct-current electromotive 
force has been increased from OP to OD’ without any change in 
the magnitude of the alternating-current electromotive force. If 
the auxiliary pole be given an initial negative excitation corre- 
sponding with the line OF, such that the resultant ORo is at right 
angles to OFo, then any variation of excitation of the auxiliary pole 
on either side of this point will produce a minimum change in the 
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alternating electromotive force, provided the main field excitation 
is maintained constant, or will require the least variation in the 
excitation of the main field to maintain constant alternating elec- 
tromotive force. Thus if the negative excitation of the auxiliary 
field be decreased to Fy, the resultant alternating electromotive 
force will be represented by OR:, while if the negative excitation 
of the auxiliary pole be increased to F2, the alternating electromo- 
tive force will be represented by ORz. The corresponding direct- 
current electromotive forces will be represented by OD o, OD,, 
and OD,, respectively. For hand control it is of course permis- 
sible to vary the excitation of both the main and auxiliary fields, 
in order to vary the direct-current voltage without disturbing the 
power factor. With automatic control it is, however, desirable to 
limit the control to a single field coil; and to accomplish this with 
minimum disturbance to the power factor it is necessary to work 
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on either side of the point Fo, which represents the mean excitation 
of the auxiliary pole. In Fig. 297 are illustrated the results ob- 
tained by designing the machine with a pitch of 90° between the 
main and auxiliary pole sections. In this case the mean excitation 
of the auxiliary pole for minimum change in the alternating-cur- 
rent electromotive force is zero, the excitation of this section being 
varied on either side of zero to produce a change of direct-current 
electromotive force above and below the mean. It can be readily 
shown that if the lines OF; and OF; are each equal to 20 per cent 
of the line OP, corresponding with a variation in direct-current 
electromotive force of 20 per cent above and 20 per cent below 
the mean, the lines OR; and OR, will be about 2 per cent greater 
than the line OP, resulting in a total variation of 1 per cent in the 
alternating electromotive force on either side of the normal. 


Fic, 297. Diagram of Currents and Electromotive Forces in Split-pole Converter. 


In addition to the change in direct-current voltage it will be 
noted that a change in the phase position of the resultant alternat- 
ing electromotive force is brought about by varying the excitation 
of the auxiliary pole section. If this pole section is made the trail- 
ing section, this shifting of the phase position will coédperate with 
the change in direct-current voltage in bringing about a quick 
transfer of energy between the battery and the alternating-current 
circuit, by advancing the phase of the alternating-current voltage, 
thus causing the converter to deliver energy to the alternating- 
current circuit at the same time that the direct-current voltage is 
reduced and energy is thus taken from the battery. 

The voltage ratio variation required in these converters must be 
such that with the alternating-current voltage substantially con- 
stant, the minimum direct-current voltage is N X 1.65, while the 
maximum direct-current voltage is N X 2.6, for the converter is 


CURRENT CONVERTER SYSTEMS 583 


the only machine available for charging the battery. Taking nor- 
mal open-circuit voltage per cell as 2.1 volts, the minimum direct- 
current voltage is 0.45 N below the normal voltage, while the 
maximum is 0.5 N above it. This is practically a variation of 25 per 
cent in either direction, which change must be produced by the 
maximum current flow from the regulator to the regulating field 
coils. This change in voltage ratio may be reduced by providing 
taps on the transformers connected to the converter so that a man- 
ual adjustment of the voltage can be made in a few steps, the auto- 
matic controller regulating between the limits fixed by the steps. 
The determination of battery current for a given output to or 
input from the alternating-current line is very simple, as there is 
only one machine to be considered. 
If J = watts to be delivered to line, 
4 = watts to be delivered by battery 
and 
i 
Kd 
Thus for J = 450 kilowatts, 6 = 88 per cent, and a minimum 
battery voltage = 393 volts. 
_ 450,000 
~ 393 X .88 


This current is less for the same conditions than that required 

for any of the other systems of alternating-current regulation that 
-have been considered. 

An interesting example of an alternating-current plant regulated 
by a storage battery and split-pole converter is that in the works 
of the U. S. Steel Corporation at Gary, Illinois. 

The regulator employed is the rotating mechanism devised by 
Woodbridge and described in Chapter XLVII. 

Fig. 298 is a simplified diagram of the connections. A, A are 
the armatures of the 3-phase, alternating-current generators feed- 
ing to the bus bars 1, 2, 3; t, t, t are series transformers in the gen- 
erator lines, the secondaries of the two sets being connected to 
the small bus bars 4, 5, 6, which latter, therefore, carry currents 
proportional to the total output of the generators; T, T, T are 
transformers having adjustable secondaries, their primaries receiv- 
ing the total current from 4, 5, 6. 


[ =. = current to be delivered by battery. 


I = 1301 amperes. 
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E is the exciter for the field regulation of.the rotary converter. 
Its armature H is provided with six collector rings connected to its 
winding at equidistant points. These collector rings are connected 
to three current transformers in the alternating-current circuit 


A.C Feeders 


Hola u 


Hata ulfaa faa 


Fig. 298. Diagram of Connections for Alternating-current Regulation at Gary, Ill. 


Exccter Bus 


whose load is to be regulated. The alternating currents thus trans- 
mitted through the armature winding will set up a revolving field 
proportional to these currents. A synchronous motor (not shown) 
connected to the alternating-current circuit revolves the armature 
in a direction opposite to that of the field rotation, thus holding 
this field stationary in space. The machines are so designed that 
at unity power factor this field will take the direction indicated by 
the arrow K. To the armature winding is connected a commuta- 
tor upon which bear two pairs of brushes. One pair of brushes, 
m, m, called the auxiliary brushes, is located at points of maximum 
potential difference due to the field IX. The other pair of brushes, 
n,n, is connected to the regulating field coils F of the split-pole 
converter c. 

The fields of the exciter are provided with two windings. 
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One of these is a shunt winding energized from the exciter bus bars 
and controlled by the rhesotat R. The current in this field wind- 
ing may be adjusted to neutralize the field K set up by the alter- 
nating current at some particular load on the alternating-current 
circuit. Under these conditions there will be no potential across 
the brushes m, m, and they may be short-circuited, as shown in the 
diagram. This being done, any change in the alternating-current 
load above or below the value for which the shunt field of the exciter 
has been adjusted will produce a difference of potential between 
the brushes m,m. A small change in the alternating-current load 
will be sufficient to cause a very considerable flow of current through 
the short-circuit connection between these brushes, and this flow 
of current will set up a second field at right angles to the field K and 
of considerable magnitude. This second field produces a poten- 
tial across the brushes n, n, and a corresponding flow of current in 
the regulating field F.. If the alternating-current load has in- 
creased, the direction of flow of current in the field coil F will be 
such as to cause the battery to discharge, while if the alternating- 
current load has decreased, the current in F will be in the opposite 
direction, causing the battery to charge. 

The second field winding on the exciter is connected in series 
with the field coil F and serves to neutralize the armature reaction 
due to the current output from the brushes n,n, and thus makes 
the machine more sensitive. If the power factor is not unity, the 
alternating current transmitted from the current transformers 
through the armature winding may be divided into two compo- 
nents; one of these, the energy component, will produce the field 
K, while the other being at right angles to this, will pass directly 
through the short circuit between the brushes m, m and have 
no appreciable effect on the regulation. It will be seen, there- 
fore, that this machine is responsive to the energy component of 
the alternating current. 

In the Gary installation this exciter is an eight-pole machine, the 
armature being provided with a four-pole winding, and is driven 
by a four-pole synchronous motor. There are eight brushes bear- 
ing upon the commutator, four of these being the auxiliary brushes, 
which are short-circuited, while the other four are connected in pairs 
and constitute the main terminals of the machine. 

One special feature of the regulating apparatus in this installation 
is the short-circuiting switch, across the secondaries of the totaliz- 
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ing current transformers. When this switch is closed all the cur- 
rent transformers are short-circuited through the totalizing current 
transformers, and at the same time the exciter is short-circuited 
on the alternating-current side. This reduces the exciter volt- 
age to zero and regulation ceases, but owing to the high arma- 
ture reaction of the exciter only a small flow of current is set 
up through the short-circuit switch. In fact, at times when the 
total load on the plant is just equal to the average load which is 
being maintained on the generators, so that the battery is neither 
charging nor discharging, the exciter voltage will be zero under 
normal operating conditions. The short-circuit switch may there- 
fore be closed without producing any effect whatever. Any vari- 
ation of load from this point will produce a flow of current through 
the short-circuit switch proportional to the increase or decrease of 
load, but will not affect the voltage of the exciter. In one of the 
leads to this short-circuit switch is connected the current coil of a 
wattmeter, W, its voltage coil being suitably connected to indicate 
the energy component of the current passing through the short- 
circuiting switch. This wattmeter provides a means for adjusting 
the shunt field of the exciter to any predetermined average load on 
the generators before opening the short-circuiting switch. In this 
way the process of putting the regulating apparatus into service is 
much simplified. 
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INDEX 


Accumulator, 6. 
Achard switch, 298, 299, 301. 
Acid, acetic, test for, 55. 
concentration, 23. 
density and efficiency, 143. 
and internal resistance, 112. 
hydrochloric, 121. 
nitric, 121. 
percentage in mixture of given 
density, 55, 56. 
sulphuric, mixture by weight, 65. 
Action, local, 116. 
local, and density of electrolyte, 
125. 
and temperature, 136. 
necessary conditions, 119. 
Active area, 11. 
material, 8, 15, 16, 48, 182, 184, 
241, 
distribution, 44. 
influence on efficiency, 141. 
Metzger, 183. 
mixtures, 182. 
per 100 ampere-hours, 91. 
quantity, 44. 
shedding, 245, 253. 
softening, 257. 
thickness, 46, 102, 103. 
weight, 46. 
weight for plates, 45. 
Adjusters, automatic, 445. 
generator output, 444. 
Alloy for grids, 181. 
Alternating-current plant, U.S. Steel 
Corporation, 583. 
-current systems, 537. 
Amalgamating processes, Planté for- 
mation, 169. 


American Electric Accumulator Co.’s 
element, 180. 
Ammonia, 122. 
Ampere-hour, 5, 10. 
-hour capacity and temperature, 
131. 
discharge and electrolyte density, 
214, 
discharge, relation to initial den- 
sity, terminal density, quan- 
tity of electrolyte, 59. 
efficiency, 140. 
efficiency and temperature, 131, 
138. 
Amperemeters, 461. 
Analysis, Bijur controller, 414. 
booster system, 327, 330, 334, 335, 
841, 347, 355, 365, 373, 392, 403, 
414, 424. 
floating battery, 503. 
Anions, 2. 
Anode, 1. 
Antimony, 123. 
Appleton end cell switch, 294, 296, 
297. 
Are, electric, for lead burning, 223. 
Arsenic, 121. 
test for, 54. 
Assembling, 219. 
Atomic masses, 5. 


Bar conductors, 320. 

Battery, assembling, 223. 
at distance from station, 516. 
booster-controlled line, 516. 
capacity, 10. 
care of, 259. 
change curve, 528, 
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Battery (continued) — Booster (continued) — 
charged, 9. externally controlled, 369. 
charging sets, 558. Highfield’s 364. 
cost, 515, 521. Lyndon externally controlled, 397. 
discharge curve, 528. manually controlled, 325. 
floating, 501. maximum output, 335. 
in circuit with rotary converter, 569. motor, 437. 
installations, exciter, 531. non-reversible, 324, 482. 
lead-lead, 8. output, 327. 
lines, 501. reversible, 324, 327, 346, 429. 
out of commission, 263. selection, 434. 
output on discharge, 429. self-excited, automatic, 328. 
rack, 235. separately excited, 354. 
room, 231. series, 328, 533. 
size, 463, 464, 470, 531. shunt, 325, 478. 
storage, 6. size, 326, 327, 330, 340, 352, 373, 
uses, 269, 537. 436, 438. 
using automatic boosters, 481. station, and line battery, 517. 
Beckman formation process, 168. Storer’s 367, 368. 
Bibliography, 587. system, analysis, 327, 330, 334, 
Bijur booster, 411. 335, 341, 347, 355, 365, 378, 
end cell switch, 307, 308. 392, 403, 414, 424. 
plate, 156, 157, 161. electric railway plant, 486. 
regulator for non-reversible booster, mixed motor and lighting service, 
412, 413, 414. 483. 
for reversible booster, 415, 416. reversible, 487. 
Blot electrode, 155, 156. voltage, 331, 348, 363, 370, 372, 
Blowpipe, oxy-hydrogen, 219. 441, 520. 
Boiling points, 67. Westinghouse, 420. 
Booster, 322. windings, 340. 
and exciter battery, 532. Bése active material, 183. 
motor-generator regulating sys- grid, 174. 
tem, 539. Bottle, automatic cell-filling, 276, 
automatic, 324, 481. 207. 
Bijur, 411. Box negative plate, 179. 
breaker, 460. Breaker, overload and no-voltage, 460. 
characteristics, 382, 393. underload and overload, 461. 
compound, 3829. Brushes, laminated contact, 289. 
compounded with generator, 439. switch, 290. 
computations, 392. Bucking: 158, 159, 244, 252. 
constant current, 324, 346. Burning set-up, 228, 229, 230. 
design, 434. tongs, 230. 
differential, 337. Bus bar, 241. 
direct-current, and rotary conver- bar, cross-section, 228. 
ter, 570, 571. magnet, 389. 
Entz externally controlled, 386. reinforced, 231. 
exciter, 437. terminal, lug for, 232, 
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Cable cost, 520. 
Cadmium contact piece, 203. 
test for determining condition of 
plates, 84. 
Calorie, 34. 
Capacity and cell temperature, 107. 
and density of electrolyte, 104, 106, 
107. 
sunlight, 108. 
temperature, 154. 
thickness of active material, 102, 
103. 
at normal discharge rate, 205. 
battery, computation, 463. 
cell, 90. 
decrease with rate of discharge in- 
crease, 97. 
definition, 91. 
dependenceon rate of diffusion, 100. 
loss, 250. 
maintenance, 84. 
normal, computing, 99. 
positive plate, 103. 
standard, 90. 
storage battery, 15. 
temperature coefficient, 213. 
variation and temperature, 130, 
131 1325139, 136; 137, 206: 
at different discharge rates, 94, 
95, 98. 
of different plates, 105. 
with quantity of electrolyte, 64. 
Carbon piles, 390. 
Casting, 156. 
Cathode, 1. 
Cations, 2. 
Cell battery, 490. 
capacity, 10. 
and temperature, 134. 
charged, 9. 
construction with wood tanks, 199, 
200. 
containing, 197, 240. 
counter, 282, 476. 
dimensions, 202. 
end, 279. 
Faure, 171. 
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Cell battery (continued) — 
-filling bottle, automatic, 276, 277. 
idle, formation of lead sulphate, 
126. 
loss of charge, 127. 
internal resistance, 111. 
lead, 8. 
chemical theory, 18. 
electromotive force, 40. 
thermodynamic theory, 32. 
number, 473. 
pilot, 261, 273. 
polarized, 30. 
potential, 12. 
variation with electrolyte den- 
sity, 69. 
sulphated, 10. 
temperature with charge and dis- 
charge, 139. 
weight, 202. 
with welded connections, 228. 
Celluloid containing cells, 197. 
envelopes, 195. 
separators, 190, 193. 
Charge, 9. 
and temperature variation, 139. 
curves, 14, 71, 79, 127, 144, 214. 
initial, 238. 
loss, 126, 212. 
rates, 244, 259. 
residual, 11. 
short, 83. 
Charging, 251. 
battery from dynamo, 
tions, 475. 
rates, 204. 
and efficiency, 141. 
sulphated cell, 256. 
voltage and temperature, 129, 130, 
Chemical processes of Planté forma- 
tion, 165. 
theory of lead cell, 18. 
Chloride, Marchenay’s, 186. 
plate, 178. 
Chlorine, test for, 53. 
Circuit breakers, 460. 
breakers, overload, 460. 


connec- 
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Circuit breakers, underload, 461. 
Coefficient, capacity temperature, 213. 
temperature, 35, 41, 43, 183, 138. 

Coil, shunt, 332, 334, 335. 
Commas in chemical formula, 37. 
Commutators, 488. 

Compensation for feeder drop, 271. 
Compounding  booster-controlled 
power plants, 439. 
Computations, automatic 

392. 
battery capacity, 463. 
Concentration changes, 77. 
currents, 75. 
Condenser test, internal ohmic re- 
sistance, 208. 
Conductors, end cells, 318. 
Conduit outlet for end cell connec- 
tions, 318. 
Connections, alternating-current con- 
trolled regulator, 543. 
alternating-current regulation, 
Gary, Ill., 584. 
energy controlled regulator, 544. 
average adjuster, 447. 
Bijur booster, 411, 418, 419. 
charging battery from dynamo, 475. 
combination rheostat, 453. 
compound booster, 329. 
compounding generator and 
booster, 439. 
constant current booster with end 
cells, 352. 
counter E.M.F. booster system with 
auxiliary excitation, 362. 
differential booster, 339. 
Edison three-wire sub-station, 497. 
end cell, 319, 320, 321. 
Entz booster with exciter, 395. 
externally controlled booster, 386, 
387. 
exciter battery with booster, 532. 
externally controlled booster, 369. 
floating battery, 502. 
general test, 202, 203. 
generator series winding, to give 
shunt characteristic, 336 


booster, 
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Connections (continued) — 
line battery with station booster, 
517. 
load controlled booster, 338. 
mercury vapor rectifier, 555. 
no-booster system, 477. 
parallel charge, series discharge, 471. 
storage cells, 474. 
plant using counter cells for regu- 
lation, 475. 
pole divisions on split-pole con- 
verter, 576. 
potentiometer rheostat, 452. 
power and lighting station with 
reversible booster, 491. 
reversible booster system, 487. 
series booster, 328. 
series rheostat, 450. 
shunt booster, 326. 
simple differential booster, 339. 
single booster equalizer battery on 
three-wire system, 495, 496. 
switchboard, plant with charging 
booster, 480, 482. 
system supplying lights and vari- 
able motor load, 486. 
three-wire system with constant 
current booster, 499. 
two-booster equalizer battery on 
three-wire system, 493, 496. 
welded, 228. 
Westinghouse booster controller, 
421. 
Connectors, 241. 
bolt, 225, 226. 
strap, 224. 
Construction cost, 321. 
Sontact, Lyndon booster controller, 
398. 
piece, cadmium, 203. 
Control, Lyndon booster, for non- 
reversible booster, 410. 
Controller, Bijur, 414. 
Entz booster, 388. 
with average adjuster, 448, 449. 
Lyndon booster, 398. 
Westinghouse booster, 420, 421. 
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Converter regulating system, rotary, 
540, 541. 
regulating system, split-pole rotary, 
541. 
rotary, 537. 
split-pole rotary, 575. 
standard rotary, 567. 
systems, current, 552. 
Copper cost, 515. 
end cell, 320. 
test for, 54. 
Correns grid, 172. 
Corrosion, 22. 
plates, 251. 
Cost, battery, 515, 521. 
battery installation, 239. 
cable, 520. 
construction, 321. 
copper, 515. 
feeder, 522. 
fuel, 530. 
Counter cells, 282. 
cells, connections, 475. 
electromotive force, 12, 13. 
force booster, 354, 361, 363. 
Couple, voltaic, 1, 6. 


Current, battery, determination, 583. 


concentration, 75. 

converter systems, 552. 

curves, mercury rectifier, 556. 

direction, 2. 

increase with time in inductive 
circuit, 372. 

maximum, for railway, 522. 

split-pole converter, 581. 

supply for booster motors, 429. 

through booster, 352. 

transformer, 543. 


Density, acid, and efficiency, 143. 
acid and internal resistance, 112. 
change with change of tempera- 

ture, 56. 
electrolyte, 42, 50, 65, 69, 70, 104, 
128, 248, 252, 255, 261, 263. 
and ampere hours discharged, 
62, 214. 
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Density, electrolyte (continued) — 

and local action, 125. 
and temperature, 131. 

initial, relation to ampere hours 
discharge, terminal density, 
quantity of electrolyte, 59. 

of lead and its compounds, 48. 

of mixture for given percentage of 


acid, 55. 
terminal, relation to ampere hours 
discharge, initial density, 


quantity of electrolyte, 59. 
Desrueles active material, 183. 
Detectors, ground, 462. 
Deterioration, causes, 239. 
Differences, potential, at terminals of 

cell, 68. 

Diffusion and temperature increase, 

134. 

rate, 77, 78. 

and capacity, 100. 

and temperature, 136. 

in pores of active materials, 101. 
Dimensions, cell, 202. 

elements, 202. 
Direct-current systems, 471. 
Discharge, 9, 91, 247. 
after long rest, 77. 
and internal resistance curves, 112. 
specific gravity of electrolyte, 
215. 
temperature, 129, 130, 138. 
at various rates, 72. 
curves, 14, 73, 79, 88, 89, 127, 144, 
214. 
internal, 116, 248. 
local, 120. 
of negative plate, 119. 
rapid, 46. 
rate, 10, 245, 259. 

and capacity, 94, 97. 

and efficiency, 141. 

normal, 204. 

short, 83. 
Diseases, battery, 250. 
Disintegration of plates, 248. 
Dissociation, 1. 
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Double Sulphate theory, 21. 
Drainage, battery room, 233. 
Drop in cell potential with time, 81. 
in cell voltage with rate of dis- 
charge, 114. 
electromotive force, 80. 
voltage, 505, 519. 
Dujardin electro-chemical 
166. 
-Planté plate, 154. 
Durability, 216, 239. 
test, 249. 


process, 


Earthenware containing cells, 197. 
Edison three-wire sub-station, 497. 
Efficiency, 140. 
ampere-hour, 140. 
and acid density, 143. 
electrolyte, 145. 
low voltage, 145. 
rates of charge and discharge, 
141, 
temperature, 143, 145. 
time elapsing between discharge 
and charge, 148. 
at normal rate,, 214. 
battery equipment, 529. 
calculation, 142. 
plant, 523, 529. 
storage battery, 12. 
watt, 146. 
watt-hour, 140. 
Elbs theory, 24. 
Electric Power Storage grid, 173. 
Electro-chemical equivalent, 4. 
-chemical processes of Planté for- 
mation, 163, 166. 
Electrodes, 1, 8, 147. 
Blot, 155, 156. 
capacity, 91. 
variation with temperature, 137. 
durability, 241. 
hydrogen, 119. 
internal resistance, 111. 
negative, discharge, 118. 
output, 45. 
pasted, 45, 171. 
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Electrodes (continued) — 
peroxide, 92. 
sponge-lead, 92. 
Westinghouse, 160. 
Electrolysis, 1. 
Electrolyte, 1, 49. 
and efficiency, 145. 
characteristics, 50. 
density, 42, 50, 65, 69, 70, 104, 128, 
243, 252, 255, 261, 263. 
and ampere hours discharged, 
62, 214. 
and local action, 125. 
and temperature, 131. 
diffusion, 75. 
impure, and loss of charge, 127. 
in storage cells, 65. 
maintenance, 240. 
quantity of, 57, 59, 64, 65. 
resistance and density, 50. 
specific gravity variation, 212, 215. 
weight, 202. 
Electrolytic processes, Planté forma- 
tion, 168. 
Electromotive force, 11, 12, 13, 19, 
33, 38, 39, 41, 50, 68, 77. 
force, dependence on circulation of 
electrolyte, 75. 
necessary to release hydrogen, 
119. 
of cell, 78. 
split-pole converter, 578, 579, 
580, 581. 
varying, 70. 
Hlement, 8. 
American Electric 
Co., 180. 
dimensions, 202. 
in glass jar, 225. 
weight, 46, 202 
End cell, 279. 
cell arrangement, constant current 
booster, 353. 
conductors, 318. 
Endothermie substances, 3. 
Energy, electrical, of lead cell, 34. 
free, of reaction, 35. 


Accumulator 
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Energy (continued) — 
liberated in lead cell, 34. 
losses, 140. 
necessary to disrupt any sub- 
stance, 4. 
net heat, in lead cell, 34. 
output of cell, 90. 
total change accompanying chemi- 
cal reaction, 34. 
Entz booster controller, 388. 
booster, with exciter, 387. 
with exciter, connections, 395. 
constant current booster, 346, 347. 
controller with average adjuster, 
448, 449. ; 
externally controlled booster, 386. 
Envelopes, 190, 195. 
Equalizer battery on three-wire sys- 
tem, connections, 498, 495, 496. 
storage battery as, 272. 
Equivalents, chemical, 5. 
electro-chemical, 4, 5. 
Escapement end cell switch, 291, 292 
Exciter battery installation, 531. 
booster, 437. 
characteristics, 382, 393. 
in station, 516. 
Westinghouse booster, 427. 
Exide grid, 175, 176. 
Exothermic substances, 3. 


Faraday’s laws, 3. 
Faure cell, 171. 
plates, 15, 136. 
Feeder cost, 522. 
drop, compensation for, 271. 
Fick’s diffusion law, 77. 
Field regulators, 543. 
Fitz-Gerald’s Lithanodes, 185. 
Floating batteries, 501. 
Floor for storage battery room, 231, 
232. 
Flux distribution in split-pole con- 
verter, 577, 578, 579, 580. 
Force, counter electromotive, 12, 13. 
electromotive, 11, 12, 13, 19, 33, 38, 
39, 41, 50, 68, 77. 
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Force, electromotive (continued) — 
dependence on circulation of elec- 
trolyte, 75. 
necessary to release hydrogen, 
119. 
of cell, 78. 
split-pole converter, 578, 579, 
580, 581. 
varying, 70. 
Formation of plates, time required, 
187. 
processes, Planté, 163. 
Formula weight, 32. 
Fracture, 252. 
Fuel consumption, 530. 
cost, 530. 


Gelnhausen plate, 177. 
Generator compounded with booster, 
439. 
hydrogen, electrolytic, 221, 222. 
load, 334. 
motor, 537, 558. 
output, 469. 
adjusters, 444, 
motor-generator system, 560. 
series winding to give shunt char- 
acteristic, 336. 
voltage, 331, 440, 442. 
Gladstone and Tribe, Double Sul- 
phate theory, 18. 
Glass containing cell, 197, 198. 
separators, 191, 192. 
wool envelopes, 196. 
Gould plate, 148, 149. 
Gram-molecular weight, 32. 
-molecule, 32. 
Grid, 15, 16. 
Accumulatoren Fabrik, A. G., 175, 
IW 
alloy, 181. 
Bose, 174. 
cast around active material, 178. 
Correns, 172. 
Electric Power Storage, 173. 
Exide, 175, 176. 
for pasting, 171. 
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Grid (continued) — 
Helios, 172. 
Hladik, Griinewalt & Co., 177. 
Julien, 181. 
Khotinsky, 175. 
National, 172. 
Nevens, 181. 
non-metallic, 179. 
Sperry, 75, 76. 
Tudor, 174. 
with horizontal ribs, 177. 
Worms, 181. 
Grooving, 150. 
Ground detectors, 462. 
Growth of plates, 159. 


Heat, influence on cell, 131, 132. 
of dilution, 38, 39. 
formation, 4, 36, 38. 
net total, of lead cell, 36. 
released by chemical reactions in 
cell, 33. 
Heating, excessive, 57. 
Helios grid, 172. 
Highfield’s booster, 364. 
Hladik, Griinewalt & Co., grid, 177. 
Hubbard’s alternating energy con- 
trolled regulator and exciter, 547. 
Hydrochloric acid, 121. 
Hydrogen as polarizing agent, 13. 
generating, 219. 
generator, electrolytic, 221, 222. 
Hydrometer, 260. 
compensating, 273. 
readings, 261. 
recording, 276. 
signaling, 274, 275, 276. 
Hysteresis curve, 435. 


Impurities causing self-discharge, 120, 
120125: 
in electrolyte, 244. 

Indicators, end cell switch, 316. 
Induction motor for regulating alter- 
nating-current system, 566. 

Input, battery, 429. 
Inspection of battery cells, 261. 
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Installation of batteries, 227. 
of cells with bolted connectors, 226. 
Installing, 219. 
Instruments, 460. 
Insulation, 240. 
of individual cells, 236. 
Insulators, 236, 237, 239. 
Tons, 2. 
Iron, 122. 
test for, 52. 


James active material, 183. 
Joules, 4. 

Julien grid, 181. 

Jumpers, 255. 


K, curve values of, 463. 
Khotinsky grid, 175 


Laminating, 151. 
Lead burning, 219, 223, 228. 
cell, 8. 
chemical theory, 18. 
electromotive force, 40. 
thermodynamic theory, 32. 
compounds, 26. 
density, 48. 
envelopes, 178. 
-lead battery, 8. 
peroxide, loss with discharge, 245, 
246. 
pulverized, as active material, 185. 
red, as active material, 184. 
sponge, 8. 
sulphate, 10. 
in idle cells, 126. 
Lighting and power station with 
reversible booster, 491. 
service, booster system, 483. 
Line batteries, 501, 516. 
Lithanodes, Fitz-Gerald’s, 185. 
Litharge as active material, 184, 185. 
Load curve, 465, 484, 528. 
curve, fluctuating, 524. 
section, 466. 
with average adjuster, 446. 
without average adjuster, 445, 
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Load (continued) — 
external, increased, 431, 4382, 440. 
fluctuating, 468, 483. 
generator, 334. 
regulation, 270. 
Loadings, railway fed from two 
sources, 518. 
Local action and density of electro- 
lyte, 125. 
action and temperature, 136. 
Loss, capacity, 250. 
charge, 212. 
energy, 140. 
Lug for bus-bar terminal, 232. 
for cell connections, 321. 
Lyndon booster control for non-re- 
versible booster, 410. 
booster controller, 398. 
externally controlled booster, 397. 
switch, 313, 314. 


Magnet, bus-bar, 389. 
Management of batteries, 258. 
Manchester plate, 152, 153, 160. 
Manganese, 123. 
Marchenay’s chloride, 186. 
Mass, atomic, 5. 
plates, 94. 
Material, active, 8, 15, 16, 48, 182, 
184, 241. 
active, distribution, 44. 
influence on efficiency, 141. 
Metzger, 183. 
mixtures, 182. 
per 100 ampere-hours, 91. 
quantity, 44. 
shedding, 245, 253. 
softening, 257. 
thickness, 46, 102, 103. 
weight, 46. 
weight for plates, 45. 
Mercury, test for, 54. 
vapor rectifier, 537, 552. 
Metallic impurities causing self-dis- 
charge, 120, 125. 
Meter, ampere-hour, 277. 
Metzger active material, 183. 
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Meyer’s end cell switch, 301, 302, 
303, 304. 
Milkers, 257. 
Minium, 26. 
as active material, 184. 
Mixtures, reducing percentages of, 
39. 
Motor, booster, 437. 
generator, 537, 558. 
and booster regulating system, 
539. 
regulating system, 538. 
load, booster system, 483. 
size, 333, 345, 351. 
Westinghouse booster, 427. 
Multiple voltage system, 492. 


National grid, 172. 
plate, 149, 150, 151, 152, 160, 161. 
Negative electrode, discharge, 118. 
plate, 10, 94, 119, 257, 264. 
Nevens grid, 181. 
Nitrates, test for, 53. 
Nitric acid, 121. 


Obmie resistance, 12. 
Organic compounds as active ma- 
terial, 185. 
matter, test for, 55. 

Output adjusters, generator, 444. 
battery, on discharge, 429. 
generator, 469. 

Over-discharge, 253. 

Overcharge, 247, 260. 

Oxy-hydrogen burning 

220. 


apparatus, 


Pasted electrodes, 45, 171. 
plates, 15, 95, 136. 
Pellet plates, variation in capacity, 
95. 
Permanizing, 95. 
Peroxide, weight for given output, 44. 
Persulphurie acid, 20. - 
Peukert’s law for capacity of cell, 96. 
Pilot cells, 261. 
cell accessories, 273. 
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Plant efficiency, 523, 529, 
Planté formation, 163. 
negatives, decrease in capacity 
with number of discharges, 93. 
loss of capacity and restoration 
by permanizing, 93. 
treatment to maintain capacity, 
92. 
plates, 22, 95, 147, 159, 248. 
processes, 147. 
storage battery plates, 15. 
theory, 18. 
Plate, Bijur, 156, 157, 161. 
Box negative, 179. 
buckling, 158, 159. 
capacity, 91. 
characteristics, 158. 
chloride, 178. 
corrosion, 251. 
corrugated, 174. 
determining condition, 84. 
disintegration, 248. 
double ribbed, 175. 
Dujardin-Planté, 154. 
Faure, 136. 
Gelnhausen, 177. 
Gould, 148, 149. 
growth, 159. 
latticework, 173. 
Manchester, 152, 153, 160. 
mass, 94. 
National, 149, 150, 151, 152, 160, 
161. 
negative, 264. 
capacity, 94. 
local discharge, 119. 
reversal, 257. 
of ribs having projecting portions, 
Die 
pasted, 15, 95, 136. 
Planté, 22, 95, 147, 159, 248. 
positive, capacity, 93. 
life, 242, 248. 
local discharge, 117. 
solid perforated, 173. 
recessed, not perforated, 174. 
storage battery, 15, 16. 
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Plate (continued) — 
time for formation, 187. 
Tudor, 157, 158. 
Westinghouse, 154, 155, 16 
Willard, 153. 
Platinum, test for, 52. 
Plug switch, voltmeter, 462. 
Polarization, 12, 30. 
electromotive force, 79. 
Poles, 1. 
Polymerization theory, 25. 
Positive plate, 10. 
plate, local discharge, 117. 
Potential, at different temperatures, 
130. ; 
cell, 12. 
variation with electrolyte den- 
sity, 69. 
charge and discharge, 74. 
critical difference of, 22. 
difference and temperature in- 
crease, 134. 
at terminals of cell, 68. 
electrode, against cadmium, 87. 
initial rise during discharge, 73. 
of individual electrodes, 70. 
positive and negative plates, 76. 
positive electrode, 70. 
Potentiometer rheostat, 452. 
Power and lighting station with re- 
versible booster, 491. 
storage systems, 471, 478. 
Pressure on carbon piles, 390. 
open-circuit battery, 323. 
Profile, electric railway line, 510. 
railway line fed from two sources, 
513. 
Pyroxylin envelopes, 196. 


Rack, battery, 235. 

Railway plant, booster system, 486. 

Rates, charge, 204, 244, 259 
discharge, 10, 204, 245, 259. 
regulating, 464. 

Record blank, 260, 262. 

Recovery, cell, 79. 
cell potential after charge, 80. 
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Rectifier, mercury vapor, 537, 552. 
Red lead as active material, 184. 
Regulating alternating-curent 
tem, 559, 562, 563. 
batteries using automatic boosters, 
481. 
systems, 538. 

Regulation, 323, 360. 
alternating-current, Gary, Ill., 584. 
exciter battery, 533. 
load, 270. 
voltage, 271. 
with fluctuating load, 523. 

Regulator, 389, 437. 
alternating-current controlled field, 

543. 
Bijur, for non-reversible booster, 
412, 413, 414. 
for reversible booster, 415, 416. 
for alternating current system, 559. 

Remedies for battery diseases, 250. 

Residual charge, 11. 

Resistance, 282, 283. 
among contact points for booster 

controller, 402. 
and pressure on carbon piles, 390. 
temperature increase, 134. 
change with temperature, 133. 
electrolyte, variation with density 
and temperature, 51. 
for reversing rheostat, 458. 
internal, 110. 
and temperature, 129. 
ohmic, 206. 
reduction after discharge, 112. 
of sulphuric acid, 50, 106. 
ohmic, 12. 
variable, 450. 
virtual, 1138, 141. 
internal, 211, 323. 

Reversal of plates, 251, 257. 

Rheostat, 333, 345, 450. 
combination, 453. 
potentiometer, 452. 
reversing, 454, 455. 

Rimington’s test for internal ohmic 

resistance, 209, 210. 


sys- 


599 


Rubber containing cells, 197. 
envelopes, 195. 
separators, 190, 193. 
soft, vulcanized, 195. 


Sachsische Accumulator Werke for- 
mation process, 168. 
Sand trays, 236, 239. 
Schneider switch, 305, 306. 
Scoring, 148. 
Sediment, removing from cells, 264. 
Separator, 9, 240. 
celluloid, 190, 193. 
glass, 191, 192. 
rubber, 190, 198. 
wood, 198, 194. 
Set-up, burning, 228, 229, 230. 
Shedding of active material, 245, 253. 
Sheldon’s test for internal ohmic re- 
sistance, 207. 
Short circuits, 255. 
Shunt booster, 478. 
coil, 332. 
connected across battery, 335. 
connected across line, 334. 
winding, 333. 
or generator, 561. 
Shut down, safeguard against, 272. 
Société Alsacienne des Constructions 
Mécaniques, 311. 
Softening of active material, 257. 
Specific gravity of electrolyte, 49. 
gravity variation of electrolyte, 212, 
Palsy, 
Sperry active material, 184. 
grid, 75, 76. 
Split-pole converter, U. 8. Steel Cor- 
poration plant, 583. 
-pole rotary converter, 575. 
Sponge lead, 8. 
lead, weight for given output, 44. 
Standard Electric Accumulator Co.’s 
cell, 179. 
Steam consumption of engine with 
load changes, 527. 
Storage battery, 6. 
battery capacity, 15. 
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Storage battery capacity (contin- 
wed) — 
using automatic boosters, 481. 
cells, parallel connections, 474. 
electric power, 269. 
systems, power, 471. 
with boosters, 478. 

Storer’s booster, 367, 368. 

Strap connector, 224. 

Stringers, 236, 239. 

Sub-stations, three-wire, 522. 

Sulphate, injurious, 24. 
normal, 24. 

Sulphated cells, 10. 

Sulphation, 126, 146, 244, 247, 248, 

253, 263. 

Sulphurie acid, 49. 
acid, mixture by weight, 65. 

Sunlight, effect on capacity of cell, 

108. 

Swedging, 149. 

Switch, Achard, 298, 299, 301. 
Appleton end cell, 294, 296, 297. 
automatic, 292. 

Bijur end cell, 307, 308. 
brush, 290. 
counter E.M.F. end cell, 288, 289. 
double end cell, 281. 
end cell, 285, 311. 
escapement end cell, 291, 292. 
for connecting commutators, 438. 
indicators, end cell, 316. 
Lyndon, 318, 314. 
Meyer’s end cell, 301, 302, 303, 304. 
motor-driven, 290. 
Schneider, 305, 306. 
Thury end cell, 312. 
time, 216, 217. 
voltmeter, 462. 
Switchboard connections, plant with 
charging booster, 480, 482. 
diagram, constant current booster, 
498. 
no-booster plant, 479, 


Tanks, lead-lined, durability, 240. 
wood, 197. 
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Temperature, 255. 
and capacity variation, 206. 
efficiency, 148, 145. 
voltage variation, 206. 
cell, effect on capacity, 108. 
coefficient, 41, 43, 133, 138. 
capacity, 213. 
for electrolyte densities, 42. 
of couple, 35. 
decrease of cell on discharge, 138. 
increase, effect, 134. 
influence, 129. 
maximum, 248. 
standard, 10, 12. 
Test, durability, 249. 
efficiency, 142. 
for determining condition of plates, 
84. 
increase of capacity with circu- 
lation, 100. 
general, 202, 203. 
Testing, 201. 
Thermodynamic theory of lead cell, 
32. 
Thomson’s law, 35. 
Three-wire sub-stations, 522. 
-wire systems, 493. 
Thury end cell switch, 312. 
Time for formation of applied active 
material, 187. 
switch, 216, 217. 
Tongs, burning, 230. 
Transformer, current, 548. 
Trays, sand, 236, 239. 
Tribe, Gladstone and, Double Sul- 
phate theory, 18. 
Tudor grid, 174. 
plate, 157, 158. 


United States Steel Corporation, al- 
ternating-current plant, 583. 
Uses of storage batteries, 269. 


Valencies of elements, 5. 
Ventilation, battery room, 233, 234. 
Verdier active material, 183. 
Volt-coulombs, 4. 
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Voltage, 11. 
and temperature, 129, 130, 131, 
134. 
booster, 331, 348, 363, 370, 372, 
441, 520. 
changes, 73. 
with charge and discharge, 74, 75, 
82, 83. 
characteristic of cell, 83. 
curves, 13, 71, 505, 556, 594. 
drop, 505, 519. 
electric railway line, 510. 
generator, 331, 440, 442. 
increase with increase in load, 439. 
line fed from two sources, 511, 513, 
518. 
low, and efficiency, 145. 
maintenance, 84. 
maximum battery, 333. 
booster, 326, 333. 
on charge, 323. 
minimum, 247. 
on discharge, 323. 
ratio between direct and alternat- 
ing currents, 557. 
rotary converter, 568. 
split-pole converter, 582. 
regulation, 271. 
terminal, 91. 
variation, 69, 206. 

Voltaic relation between electrodes 
and cadmium after charge, 86. 
relation between electrodes and 

cadmium after discharge, 86. 
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Voltmeter, 461. 
plug switch, 462. 


Water supply, 264. 
Watt efficiency, 131, 146. 
-hour, 90. 
-hour efficiency, 138, 140. 
Wattmeters, 462. 
Weight, active material, 46. 
cell, 108, 202. 
electrolyte, 202. 
elements, 46, 202. 
formula, 32. 
gram-molecular, 32. 
peroxide or sponge lead for given 
output, 44. 
Westinghouse booster, 420, 421. 
plate, 154, 155, 160. 
Willard plate, 153. 
Windings, booster, 330, 340. 
shunt, 333. 
on generator, 561. 
Wood containing cells, 197, 198. 
separators, 193, 194. 
Woodbridge alternating energy con- 
trolled regulator, 545. 
system for exciter batteries, 534. 
Wool, glass, envelopes, 196. 
Worms grid, 181. 


Zine test for determining condition of 
plates, 84. 
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